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Bacterial DNA replication is a potential novel antibiotic target in the fight against increasing anti-
microbial resistance. To fully explore those opportunities, a full understanding of the molecular 
mechanisms underlying DNA replication is required. The components of the bacterial replisome, the 
multi-protein machinery responsible for replication, have been characterised extensively over the past 
60 years, largely relying on the E. coli model system. However, the intricacies of the nucleo-protein 
network of the replisome and the complexity of its molecular steps have impeded our ability to produce 
a complete picture of the replication process. One E. coli replisomal component, the DnaB replicative 
helicase, has as a clear function to catalyse the unwinding of duplex DNA at the front of the replication 
fork. This component is also suspected to play other regulatory roles, given its extensive contacts with 
the primase and polymerase enzymes within the replisome. This thesis focusses on the role of the DnaB 
helicase in DNA replication with new insights provided by single molecule techniques. 
As part of this thesis, novel single-molecule fluorescence methods were developed to visualise 
previously inaccessible molecular details of DnaB helicase activity. These methods revealed new 
properties of the DnaB helicase that change our picture of how the replisome works. Specifically, the 
work detailed in this thesis demonstrates that in contrast to other replisomal factors, the DnaB helicase 
is stably associated with active replisomes. These results suggest a key role for the DnaB stability in 
providing the replisome with high processivity in replication. Furthermore, evidence is presented in this 
thesis that unwinding during replication does not require nucleotide hydrolysis by the DnaB helicase. 
Nucleotide incorporation by the DNA polymerase as part of the DNA-synthesis process is proposed to 
provide the energy for DNA unwinding at the replication fork. The presence of DnaB is still required, but 
in the absence of ATP, the helicase likely acts as a passive wedge.  
This thesis sheds new light on the roles of the DnaB helicase in E. coli DNA replication. The introduction 
of single-molecule approaches to study the replisome is rapidly changing our view of the dynamic 
molecular transactions that underpin DNA replication. Future work will need to focus on understanding 
the role of the many dynamic interactions within the replisome and assessing which of these molecular 
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Every cell on Earth contains tens of millions of macromolecules (Phillips et al., 2008), forming multi-
component complexes that accomplish all the biochemical tasks necessary to ensure the health of the 
cell. Bacteria are unicellular lifeforms with each bacterium capable of self-sufficient propagation. 
Bacteria are the second most abundant biomass on the planet (13% of all organic matter) (Bar-On et al., 
2018) and fulfil very diverse roles, from photosynthetic cyanobacteria that live in our waterways to the 
gut microbiota that aid in our digestion, and even to the bacteria we have yet to discover and 
understand. The vast majority of bacteria are non-pathogenic, yet the relatively small number of 
pathogenic species happen to be the best studied due to their historically disproportionate contribution 
to human disease (Balloux and van Dorp, 2017). 
Currently, antibiotics are the most effective form of medicine to treat bacterial infections owing to the 
specific lethality of antibiotics for bacteria and not the human host, as well as their widespread 
applicability across multiple bacterial species. Unfortunately, antibiotics have one critical flaw — the 
ability of bacteria to evolve resistance to them. One of several ways that resistance evolves is through 
the selection of gene variants conferring resistance upon repeated exposure to the antibiotic. Antibiotics 
were first applied to treat bacterial infections of wounded soldiers in World War II with immediate 
success (Sengupta et al., 2013). Ever since antibiotics have become more prevalent, to the point where 
they are now a major pillar of modern medicine. At the same time, resistance to antibiotics now occurs 
more frequently, with several bacterial strains now showing resistance to multiple drugs. As such, 
antibiotic resistance is quickly snowballing into a serious global health threat as there is no final line of 
defence against these pathogens commonly referred to as “superbugs” (O'Neil, 2016). 
Historically, antibiotic treatment of bacterial infections has been a target-poor therapeutic area. 
Thousands of molecules have known antibiotic properties, but only five major clinically-validated 
antibiotic targets exist (targeting cell-wall synthesis, ribosomal protein synthesis, DNA/RNA synthesis, 
folate synthesis and membrane integrity) (Walsh and Wencewicz, 2014). Among other factors, the 
antibiotic resistance crisis is accentuated by the lack of novel antibiotic targets in the decades passed 
since the ‘golden age’ of discovery.  
Duplicating genomic material before cell division, the process of DNA replication is essential for all 
lifeforms. The bacterial DNA-replication system is distinct enough from its human counterpart that it is 
seemingly a prime target for novel antibiotic development. Yet, DNA replication is an incredibly complex 
process even in the relatively simple lifeform of bacteria, with the precise underlying molecular 
mechanisms not yet fully understood. Therefore, to develop new and effective antibiotics against the 
bacterial replication components, it is necessary to understand the key molecular details of DNA 
replication and build a comprehensive model.  
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Furthermore, it also should be acknowledged that a detailed understanding of bacterial replication will 
provide an invaluable foundation for approaching the even more complex process of DNA replication in 
eukaryotic organisms. If we understand behaviour and function of eukaryotic DNA replication (and 
eventually in humans), then perhaps we can identify the cause of its ‘malfunction’ that leads to diseases 
like cancer and other classes of genetic abnormalities. 
1.1 DNA replication in E. coli  
In bacteria, DNA replication is the process to duplicate the circular chromosome and must occur prior to 
each cell division event to accurately propagate the organism’s genetic material (Figure 1.1). In the 
bacterial model system, Escherichia coli, DNA replication is carried out by a collection of enzymes known 
as the replisome. The enzymatic steps of replication can be divided into three stages: initiation, 
elongation and termination (for detailed reviews see Chodavarapu and Kaguni (2016); Lewis et al. 
(2016); and Dewar and Walter (2017), respectively). 
 
 
Figure 1.1. Duplication of the circular E. coli chromosome. The DNA replication process is initiated at the origin of 
replication site (oriC) with the formation of two replication complexes (replisomes). These replisomes synthesise 
new DNA (red) bi-directionally around the chromosome. The replisomes eventually meet at the opposite Ter site 
and are terminated. 
 





Figure 1.2. The steps of E. coli replication initiation. (A) The origin of replication carries 9-bp “DnaA-box” sites 
recognised by the DnaA initiator protein. The oligomerisation of DnaA forces the downstream AT-rich DNA open 
into a ‘DNA bubble’. (B) The DnaB replicative helicase cannot associate with this topologically closed DNA bubble by 
itself. Therefore, the DnaC helicase loader binds and remodels the helicase into a ‘cracked’ ring. The helicase–
helicase loader complex is now able to encircle the ssDNA. (C) DnaC is then ejected as the DnaG primase associates 
with the helicase. DnaB is thus free to start unwinding DNA, and the DnaG primase to synthesise RNA primers. This 
marks the transition to replication elongation. 
 
Finally, DnaC is ejected from DnaB, allowing the helicase to relax to its closed, yet non-planar unwinding 
state. From here, the DnaG primase associates with the rear, N-terminal domain of DnaB as the process 
transitions to replication elongation (Figure 1.2C).  
Replication elongation is the main phase of DNA replication where the duplicate chromosome molecule 
is synthesised. Elongation begins with the DnaG primase depositing RNA primers on both ssDNA 
templates generated by the unwinding DnaB helicase (Figure 1.3). The τ3δδ’χψ clamp loader complex 
(CLC) loads a β2 sliding clamp at each primed site and then further loads a αεθ polymerase III core onto 
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the clamp. The pol III core is restricted to synthesis in the 3’–5’ direction by the chemical polarity of 
DNA. Therefore, on the leading strand, the pol III core can elongate DNA continuously as it moves in the 
same direction as the helicase. Elongation on the lagging strand, however, is opposite to the direction of 
the replisome and thus the pol III core acts discontinuously in the form of repeated cycles of priming and 
synthesis. This mechanism is known as Okazaki fragment synthesis (Figure 1.3).  
 
 
Figure 1.3. E. coli DNA replication complex. The DNA replication (replisome) maintains a relatively consistent 
configuration throughout replication. The replisome is led by the DnaB helicase as it unwinds double-stranded DNA 
at the front of the replication fork. DnaG primase synthesises short RNA primers on the single-stranded DNA 
template. The clamp-loader complex (CLC; consisting of δ, δ’, ψ, χ and up to three τ) loads the β2 sliding clamp and 
αεθ polymerase III core onto newly primed sites which then elongate DNA in the 5′ to 3′ direction. Replication 
proceeds continuously on the leading strand and discontinuously in the form of Okazaki fragments on the lagging 
strand. Single-stranded binding proteins (SSBs) bind and protect DNA when it is transiently in a single-stranded state 
during replication. 
 
The replisome maintains the connection between its main components via the CLC with its τ subunit 
contacting the pol III cores and DnaB helicase. To complete the E. coli replisome, the ssDNA binding 
proteins (SSBs) associate with the ssDNA that is transiently exposed during replication to protect it 
against nucleolytic degradation. 
Replication termination is the final stage of DNA replication and occurs after bi-directional elongation 
from oriC proceeds through the 4.6-Mb of the E. coli chromosome. Termination is induced by the Tus 
protein which specifically recognises the terminus site (ter), located approximately opposite oriC on the 
circular chromosome (Figure 1.1). Once the DnaB helicase encounters the Tus-ter complex, it is 
prohibited from further unwinding and consequently stalls the whole replisome. Therefore, the Tus-ter 
junction is designed to intentionally stall both replisomes in a single, specific region that results in two 
molecules identical to the original chromosome.  
It is important to note that DNA replication is considered an active, energy-consuming process as its 
components consume several energy sources to separate the strands of DNA and create new copies 
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from each of the templates. Of the replisome components, the CLC, DnaG primase and DnaB helicase all 
use adenosine triphosphate (ATP) as part of their activity. The polymerase III core synthesizes new DNA 
and uses the energy of the incoming deoxynucleotides (dNTPs) to fuel this process. The CLC and DnaG 
can also replace ATP with any of the dNTPs, but the DnaB helicase is critically dependent on ATP 
hydrolysis to drive unwinding (Arai and Kornberg, 1981; LeBowitz and McMacken, 1986; Biswas and 
Biswas, 1999a). Therefore, in the textbook model, DNA replication is an active process, strictly 
dependent on ATP and dNTP turnover to fuel this otherwise energetically unfavourable reaction.  
1.2 Single-molecule investigation of E. coli DNA replication 
Over the last 40 years, classical biochemistry research has contributed a tremendous amount to our 
understanding of the E. coli DNA replication process by elucidating the roles of the various replisomal 
components, their enzymatic kinetics and their structures (summarised by Kornberg and Baker, 1992). In 
the past two decades however, novel single-molecule techniques have helped researchers gain an 
entirely new perspective on the inner workings of DNA replication.  As opposed to ensemble 
measurements, single-molecule analysis reveals the full distribution of a population, and enables the 
identification of functional variation within a reaction, as well as rarer sub-populations and transient 
intermediates (reviewed by Monachino et al., 2017). 
One of these recent significant insights contests the classical picture of a highly stable multi-protein 
replication complex. Initial ensemble-averaging experiments indicated that replication is very fast and 
accurate (Drake et al., 1969; Chandler et al., 1975), whilst also being processive and resistant to dilution 
(Debyser et al., 1994; Kaboord and Benkovic, 1995; Yang et al., 2004; Yao et al., 2009). From these 
observations, researchers concluded the replisome must be highly stable and processive to support the 
complete duplication of the 4.6-Mb E. coli genome.  
In stark contrast, recent single-molecule studies have shown that the replisomal components are not 
stable, but instead dynamically associating and dissociating during replication. Specifically, real-time 
single-molecule observations of E. coli DNA replication in vitro showed the frequent exchange of pol III* 
(polymerase cores in complex with CLC) with those in the surrounding environment (Lewis et al., 2017a).  
similarities were also found in the behaviour of the replisomal SSBs (Spenkelink et al., 2019). In vivo 
single-molecule observation of the E. coli replisome components also corroborated these findings 
(Beattie et al., 2017). Furthermore, in vitro single-molecule experiments have shown that diluting the 
pool of free polymerases greatly reduces the exchange rate during replication (Yao et al., 2009; Tanner 
et al., 2011; Lewis et al., 2017a; Spenkelink et al., 2019). 
Collectively, these results indicate the replisome exhibits some degree of plasticity. In this case, plasticity 
means the replisome can shift between different functional states in response to changes in the 
surrounding environment. When excess proteins are available, the replisome favours exchange; 
however, in the absence of excess proteins, the replisome forms a stable complex that is still capable of 
sustaining replication for ~80 kb (Aberg et al., 2016). The advantages of exchange are not yet known, 
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although some suggest it is a mechanism to overcome damaged DNA that would otherwise stall the 
replisome (Mueller et al., 2019). Similar replisomal exchange behaviour has been observed in Gram-
positive bacteria (Liao et al., 2016; Li et al., 2019), the T7 bacteriophage (Loparo et al., 2011; Geertsema 
et al., 2014), and in the model eukaryote, Saccharomyces cerevisiae (Kapadia et al., 2020; Lewis et al., 
2020). 
Furthermore, single-molecule studies have also allowed significant progress to be made in our 
understanding of the mechanical forces driving replication. Studies on replicative helicases have shown 
that these helicases have reduced rate and processivity in isolation (Johnson et al., 2007; Lionnet et al., 
2007; Manosas et al., 2010; Ribeck et al., 2010; Sun et al., 2011; Ribeck and Saleh, 2013; Burnham et al., 
2019). Yet, these replicative helicases are consistently more functionally efficient as part of active 
replisomes (Lee et al., 2006; Tanner et al., 2008; Manosas et al., 2012a; Lewis et al., 2017b, Graham et 
al., 2017). Manosas et al. (2012a) investigated this behaviour in the T4 bacteriophage system and found 
that the replicative helicase and polymerase have a synergistic contribution to unwinding the DNA fork, 
although the exact mechanism is unclear. Similarly, Graham et al. (2017) identified a potential 
uncoupling mechanism where E. coli DnaB helicase unwinding slows down if separated from the 
polymerase III holoenzyme. From a structural perspective, a recent cryo-EM structure of the T7 
bacteriophage replisome suggests that the perpendicular positioning of the polymerases with respect to 
the helicase aids in the unwinding of the duplex DNA (Gao et al., 2019). Each of these studies suggests 
the helicase and polymerase have some effect on the activity of the other, however, the exact 
contributions of each enzyme to replication progression is still ambiguous. 
1.3 Thesis outline 
As more and more is revealed of this dynamic model of replication, many questions still remain. Firstly, 
if the replisome is not a constantly stable entity, how does the complex sustain processive replication? It 
has been hypothesised that the replisome does not require a specific processivity factor as each 
component is functionally dependent on the others (Graham et al., 2017). Alternatively, it is possible the 
processivity is derived from the DnaB helicase, which is incapable of exchange and therefore could be 
the stable component from which the others can exchange (Beattie et al., 2017). Second, since 
replicative helicases are slow in isolation, what factors also contribute to the force driving the 
replisome? It is possible that the replicative helicase is less hindered during replication or alternatively, 
the driving replisome force could be mostly provided by the polymerase. 
This thesis, therefore, focusses on the role, activity, and stability of the DnaB helicase. It aims to explore 
the hypotheses articulated above and has as a goal to clearly define one of the fundamental principles 
of the E. coli replisome.  
The first section of this thesis describes what is known and not known about the DnaB helicase from 
both a single-molecule and bulk-phase biochemical perspective, forming the basis of the literature 
review in Chapter 2. 
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The next section describes the development of single-molecule methods capable of detecting DnaB 
activity and exchange dynamics. First, a set of novel single-molecule replication assays was designed, 
implemented and optimised. An existing single-molecule assay based on a rolling-circle template 
(Tanner et al., 2009) was chosen as a starting point due to its robustness and proven capacity to study 
replisome behaviour. To improve the suitability for the experiments intended here, the assay was 
improved by creating a rolling-circle DNA template with controlled fork topology specifically designed 
for use with E. coli replication proteins in a single-molecule assay (see Chapter 3).  
Next, this single-molecule rolling-circle replication assay was further developed into three different 
assays capable of detecting protein exchange and quantifying the kinetics of the process (see Chapter 4). 
Each of these methods represents a different approach to detect exchange and can be applied to 
different systems and situations. 
In Chapter 5, the stability of the DnaB helicase during DNA replication is experimentally examined. Prior 
to detecting DnaB exchange, experiments required fluorescent labelling of the DnaB protein. A cysteine-
specific labelling strategy was employed to label the helicase with high specificity and yield, while 
minimising the effect of labelling on enzyme activity (detailed in methods of Chapter 5). This 
fluorescently labelled DnaB protein, in conjunction with the topology-controlled rolling-circle template, 
and derived single-molecule exchange assays, was applied to show that the helicase is incapable of 
exchange, but instead forms a stable platform within the replisome. A second, unexpected finding from 
this work identified that additional helicases associate with the replisome via the τ subunit of the clamp 
loader complex. The significance of such additional helicases is at present, ambiguous. 
The work described in Chapter 6, aims to identify the driving force within the replisome, addressed 
experimentally using the same single-molecule rolling-circle assays. This assay has as a distinct 
advantage that it can separate the replisome loading step from the replication phase. This separation 
allowed the removal of rNTPs from the replication phase. Since DnaB by itself is critically dependent on 
rNTPs to unwind DNA, removing rNTPs from the replication experiments revealed that DnaB makes very 
little contribution to replication progression. Instead, it is the polymerase, not the helicase, that is the 
motor of the replisome. 
Finally, Chapter 7 draws together all of the new and existing concepts considered throughout this thesis 
to consider how our understanding of the role of the DnaB helicase in DNA replication has evolved. 
Directions to be explored with potential future work are also provided. 
 
  








Replicative helicases at the single-molecule level 
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Helicases are molecular motors that consume chemical energy to translocate along single-stranded 
DNA and unwind duplex DNA. Specialized helicases play a critically important role in DNA replication, 
unwinding DNA at the front of the replication fork. The replicative helicases of the model systems 
bacteriophages T4 and T7, Escherichia coli and Saccharomyces cerevisiae have been extensively 
studied and characterized with ensemble-averaging biochemical methods. Using these methods, it is 
challenging however to uncover information related to intermediate states in the unwinding process 
and dynamic and stochastic helicase interactions within the replisome. Here, we describe single-
molecule methods that have been developed in the last few decades and discuss the new details that 
these methods have revealed about replicative helicases. 
Methods such as FRET and optical and magnetic tweezers have made it possible to access the 
mechanistic aspects of helicase unwinding. It is from these methods that we understand that the 
replicative helicases studied so far actively translocate and then passively unwind DNA, and that these 
hexameric enzymes must efficiently coordinate the stepping action of their subunits to achieve 
unwinding, where the size of each step is prone to variation. Single-molecule fluorescence microscopy 
methods have made it possible to visualize replicative helicases acting at replication forks and 
quantify their dynamics using multi-color colocalization, FRAP and FLIP. These fluorescence methods 
have made it possible to visualize helicases in replication initiation and dissect this intricate protein 
assembly process. In a similar manner, single-molecule visualization of fluorescent replicative 
helicases acting in replication identified that, in contrast to the replicative polymerases, the helicase 
does not exchange. Instead, the replicative helicase acts as the stable component that serves to 
anchor the other replication factors to the replisome. 
Contributions 
This literature review addresses our current understanding of how replicative helicases function and 
highlights the significant contribution of single-molecule studies to this body of knowledge. The review is 
divided into two sections, one on mechanisms of helicase activity and the other on the functioning of 
helicases within the context of the replisome. The review covers replicative helicases from several 
important model species, including the helicase of interest in this thesis, the E. coli DnaB helicase. 
I made the majority contribution to this review by exploring the literature on single-molecule studies of 
replicative helicases and drafting the manuscript. 




The chemical directionality of DNA poses a unique challenge when it comes to replicating the 
chromosomes of an organism. The replisome, the protein complex responsible for DNA replication, must 
closely coordinate DNA synthesis occurring in opposite directions on each of the two strands, with DNA 
unwinding occurring in the direction of fork progression. In all organisms from viruses to humans, DNA 
replication is an essential task, but the replisome architecture has diverged significantly (Yao and 
O'Donnell, 2016a). In particular, viruses and phages exhibit the greatest genetic diversity with some 
encoding a specific replicative helicase, while others use host-encoded helicases. In the other domains 
of life, the replicative helicases bacteria (RecA-like) and eukaryotes (AAA+-like) are not homologous. Yet 
the eukaryotic and archaeal helicases share similarities, thus suggesting that the enzyme responsible for 
DNA unwinding evolved twice, independently (Leipe et al., 1999). Still, these helicases have 
demonstrated functionally similar unwinding properties and are expected to fulfil similar roles within 
the replisome (Yao and O'Donnell, 2016b; Brosh and Matson, 2020). This type of convergent evolution 
implicates the replicative helicase as one of the most critically important components of the replisome.  
Since the initial identification of replicative helicases, research efforts of the last 35 years have sought to 
characterize the functional properties of these enzymes. Significant headway has been made to 
determine helicase structure and assembly, as well as directionality, chemical-energy turnover 
(nucleotide hydrolysis), and nucleic-acid specificity (summarized in Perera et al., 2019). While these 
studies have resulted in highly refined models of unwinding, an exact mechanistic understanding of the 
process remains incomplete. Details such as the helicase active conformational state, coordination of 
their subunits, and step size are poorly understood due to the lack of experimental accessibility. These 
gaps in our knowledge led researchers to develop high resolution, single-molecule tools capable of 
manipulating and observing helicase activity and thus accessing intimate mechanical details of these 
proteins. In parallel, novel fluorescence visualization methods have likewise made it possible to observe 
DNA replication at the single-molecule level both in vitro and in vivo. Focusing such methods on 
replicative helicases has provided a unique window to observe intra- and inter-molecular variation in 
helicase activity within the context of the replisome. Consequently, in the last two decades the 
expanding toolbox of single-molecule methods has made it possible to access mechanistic details and 
the dynamics of replisome interactions to gain a more comprehensive understanding of replicative 
helicases.   
In this review, we compile the latest single-molecule insights into the function of replicative helicases 
and discuss the current thinking on unwinding mechanisms as well as their roles in the replisome. We 
focus on the replicative helicases of the model viral species, bacteriophages T4 and T7, the model 
bacterial species Escherichia coli, and the model eukaryotic species, Saccharomyces cerevisiae. We 
compare universal helicase traits across this diverse set of organisms and identify similarities and 
differences. 
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2.2 Model replisomes and their helicases 
The complex origins of DNA replication have generated significant diversity in replisome architecture 
across many organisms (Yao and O'Donnell, 2016a). Yet interestingly, the universality of the dedicated 
replicative helicase suggests some degree of convergent evolution in this type of enzyme (Leipe et al., 
1999). In this review we compare the best-studied replisomes from model viruses (phage T4 and T7), 
bacteria (E. coli) and eukaryotes (S. cerevisiae) with a focus on the mechanisms of the replicative 
helicase (Figure 2.1).  
 
 
Figure 2.1: Canonical replisomes and their helicases. (A) The T7 phage replicative helicase, gp4 (blue), translocates 
in the 5′ – 3′ direction on the lagging strand and contacts the leading and lagging strand polymerases (Scherr et al., 
2018). (B) The T4 phage replicative helicase, gp41 (blue), translocates in the 5′ – 3′ direction on the lagging strand 
and contacts only the gp61 primase (Benkovic and Spiering, 2017). (C) The E. coli replicative helicase, DnaB (blue), 
translocates in the 5′ – 3′ direction on the lagging strand and contacts the DnaG primase and the τ subunit of the 
leading- and lagging-strand arms of the polymerase III holoenzyme (Lewis et al., 2016).  (D) The S. cerevisiae 
replicative helicase, CMG (Cdc45 in green; MCM2–7 in blue, GINS in dark blue), translocates in the 3′ – 5′ direction 
on the leading strand and contacts the leading strand polymerase Pol ε, as well as the primase Pol α, firing factor 
Mcm10, organizing factor Ctf1, and MTC accessory factor (omitted) (Lewis et al., 2020). 
 
Significant structural investigation of the replicative helicases of interest has produced translocation 
state structures for most of these helicases (Gao et al., 2019, Itsathitphaisarn et al., 2012, Georgescu et 
al., 2017) (T4 helicase structure unknown but predicted similarity to T7). Broad-level comparison of 
these structures highlights several common traits. Each of these helicases form hexamers in the shape of 
a ring that encompass the translocated single-stranded (ss) DNA in the central channel (Figure 2.2). Also, 
to some degree, these helicases translocate as a non-planar spiral where the ATPase sites are positioned 
at the interface between subunits. Despite the similarities, there are significant differences between 
these enzymes, especially between the prokaryotic and eukaryotic helicases. The exact mechanism of 
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each of these replicative helicases is further detailed in the following sub-sections. 
 
 
Figure 2.2: Translocation states of the replicative helicases of interest. T7 gp4 (A) and E. coli DnaB (B) are homo-
hexamers that move along ssDNA in the 5′ – 3′ direction (i). Both of these prokaryotic, homologous helicases are 
thought to translocate in a spiral staircase conformation, where each subunit contacts 2 nt and moves sequentially 
along DNA (ii); gp4: PDB ID: 6N7N (note: gp4 N-terminal primase domain is not present); DnaB: PDB ID: 4ESV (note: 
last orange subunit is semi-transparent). The top view of these structures (iii) shows that each subunit binds a 
nucleoside triphosphate molecule (red) at the subunit interface, except at the opening at the first (pink) and last 
subunit (orange). Note, structures of the T4 gp41 helicase are currently not available, but are expected to be similar 
to gp4 (Mueser et al., 2010). The eukaryotic CMG replicative helicase (C) is a hetero-hexamer that moves along 
ssDNA in the 3′ – 5′ direction (i). The MCM2–7 hexamer of CMG is expected to translocate in a bridged spiral 
conformation with the final subunits closing the gap (ii); CMG: PDB ID: 5U8T (note: Cdc45 and GINS omitted here, 
and last orange subunit is semi-transparent). The top view of CMG (iii) shows only two subunits binding ATP 
molecules (red), even though all subunits have binding pockets. 
2.2.1 Phage helicases, T4 gp41 and T7 gp4  
The model bacteriophages T4 and T7 provide the simplest forms of the replisome. In these species, the 
replicative helicases, gp4 in T7 and gp41 in T4, are superfamily (SF) 4 helicases, which are characterized 
as homo-hexameric rings that employ a RecA-like motor domain to power translocation along ssDNA in 
the 5′ – 3′ direction and concomitantly unwind duplex DNA by exclusion of the other strand. For T7, the 
gp4 translocation state is observed as a spiral staircase offset around ssDNA that structurally resembles 
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one strand of A-form DNA, where each subunit contacts the backbone with a footprint of two 
nucleotides (nt) and with the ATPase site holding an NTP (nucleotide triphosphate) at the interface 
between subunits (Figure 2.2A) (Gao et al., 2019). For T4, there are currently no structures available of 
gp41; however, sequence-based predictions of the structural motifs suggest a hexameric arrangement 
very close to that of gp4 helicase (Mueser et al., 2010). 
These replicative helicases have different ways of interacting with the primase enzyme that promotes 
the synthesis of short RNA primers on the lagging strand. In the T7 replisome (Figure 2.1A), the primase 
is fused to the helicase and forms the N-terminal domain tier of gp4, but in the T4 replisome (Figure 
2.1B), the primase is a separate protein (gp59) that binds to the gp41 helicase. Similarly, in each 
replisome the replicative helicase interacts with both the leading- and lagging-strand polymerases. The 
T7 gp4 helicase maintains a direct, physical connection to the gp5 polymerase. In T4, the gp41 helicase 
and gp43 polymerase act together at the same localised replication fork but do not maintain a constant 
physical connection, with lagging-strand synthesis likely occurring away from the fork. For a detailed 
review of T4 replication see (Benkovic and Spiering, 2017) and for T7 replication see (Kulczyk and 
Richardson, 2016). 
2.2.2 E. coli DnaB helicase 
The E. coli replicative helicase, DnaB, is homologous to its bacteriophage counterparts, as it is also a 
homo-hexameric RecA-like helicase of the SF4 group. DnaB also uses its ATPase ability to translocate in 
the 5′ – 3′ direction on ssDNA and unwind double-stranded (ds) DNA. Similar to T7 gp4, the DnaB 
translocation state is also observed as a spiral staircase with each subunit holding a NTP at the subunit 
interface and in contact with 2 nt of the A-form-like DNA backbone (Figure 2.2B) (Itsathitphaisarn et al., 
2012). It is important to note that this information is based on DnaB structures not from Gram-negative 
E. coli, but from the thermophilic Gram-positive species, Geobacillus stearothermophilus. However, the 
tertiary and quaternary structure is very similar to another, non-translocation state structure of DnaB in 
complex with DnaC from E. coli (Arias-Palomo et al., 2019). 
Within the E. coli replisome (Figure 2.1C), DnaB interacts with 1–3 DnaG primase molecules via three 
binding sites on pairs of the helicase N-terminal domains. It is unclear if this interaction is constant or 
only transient during moments of primer synthesis and hand-off. Additionally, the DnaB helicase 
maintains a physical coupling to the polymerase III holoenzyme (leading and lagging Pol III cores, their 
associated β clamps, and the clamp loader complex) via the τ subunit of the clamp loader complex. It is 
not known where the τ subunit binds on the DnaB helicase, but it is expected that the strength of this 
interaction aids unwinding (Kim et al., 1996), but can also vary as a means to direct primer hand-off and 
polymerase exchange throughout replication (Monachino et al., 2020). For a detailed review of E. coli 
DNA replication, see (Lewis et al., 2016). 
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2.2.3 S. cerevisiae CMG helicase  
The replicative helicase in the model eukaryote S. cerevisiae, is CMG, which consists of three parts: the 
Cdc45 activating factor, the MCM2–7 hetero-hexameric ring, and the hetero-tetrameric GINS. CMG is a 
SF6 helicase with as the main component, the MCM2–7 ring, which contains a AAA+ motor domain to 
power translocation along ssDNA and unwinding of dsDNA. From structures of CMG bound to ssDNA, we 
see MCM2–7 form a partial spiral around A-form-like DNA, with the final two subunits closing the spiral 
(Figure 2.2C) (Georgescu et al., 2017). The C-terminal motor domain sits behind the N-terminal domain 
and pushes it in the 3′ – 5′ direction on ssDNA. 
Due to this reversed directionality of CMG relative to the bacterial helicases, it translocates on the 
leading strand and excludes the lagging strand (Figure 2.1D). Therefore, the leading-strand polymerase 
Pol ε synthesizes DNA directly behind CMG and is expected to contact both GINS and the rear of MCM2–
7. The lagging-strand polymerase Pol δ does not directly contact CMG. It is expected to either act behind 
the replisome or interact with CMG indirectly via the primase Pol α, or the Ctf4 organizing protein. The 
MTC complex also interacts with CMG to connect the helicase to multiple other replisome components. 
Furthermore, CMG has an essential yet ambiguous interaction with the Mcm10 firing factor which 
seems to enhance translocation and unwinding. A detailed review of the eukaryotic replisome can be 
found in (Lewis and Costa, 2020). 
2.3 Novel insights into helicase mechanisms 
2.3.1 Active versus passive helicases  
Ensemble biochemical studies have characterized replicative helicases and put forward the idea that 
these enzymes are universally poor motors when removed from their respective replisomes (Delagoutte 
and von Hippel, 2002, 2003). The ensemble-averaging inherent in these methods, however, makes it 
challenging to uncover the precise molecular mechanisms underlying helicase activity. The principles 
that govern the rate of unwinding and the processivity of replicative helicases have not been fully 
elucidated, nor is it clear how the poor unwinding activity of isolated helicases is reconciled with the 
highly efficient unwinding occurring within replisomes. Single-molecule micro-manipulation techniques 
are very useful in this respect, as they can detect single events of unwinding with high sensitivity and 
precision. As an added bonus, these techniques also have the capacity to apply force to the DNA to the 
point where the duplex becomes destabilised. With this power to manipulate the fundamental 
mechanics of DNA we can observe how the free energy of base-pairing can affect helicase activity.  
Several single-molecule studies were able to quantify individual unwinding events on tethered DNA 
templates using optical traps for the gp4 helicase (Johnson et al., 2007; Sun et al., 2011), and magnetic 
traps for the gp41 helicase (Lionnet et al., 2007; Manosas et al., 2010; Ribeck and Saleh, 2013), DnaB 
helicase (Ribeck et al., 2010) and CMG helicase (Burnham et al., 2019). All of these studies share an 
experimental design where a DNA template is tethered at one end to a glass slide and the other end to a 
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bead that is manipulated by an optical or magnetic trap (Figure 2.3A and 3B). The trap is used to apply 
force to the bead (low forces of ~5 pN) and subsequently measure the change in template length as 
unwinding proceeds. These methods are explored in detail in a recent review (Miller et al., 2018); 
however, we will briefly discuss the important distinctions here. An optical trap consists of a high-
powered laser that creates an electromagnetic gradient to pull a dielectric bead to the focal point of the 
gradient (Figure 2.3A). Similarly, a magnetic trap generates a magnetic field gradient to apply force and 
torque to a paramagnetic bead situated within it (Figure 2.3B). Typically, optical traps have higher 




Figure 2.3: Single-molecule manipulation of replicative helicase unwinding events. (A) A single-molecule optical 
trap uses a high-powered laser to apply force (0.5–100 pN) to a dielectric bead to detect helicase unwinding on 
coupled DNA molecules. (B) A magnetic trap uses a magnetic field to apply force (10–100 pN) to a paramagnetic 
bead to detect helicase unwinding on coupled DNA molecules. (C) Magnetic trap measurement of a single T4 gp41 
helicase unwinding and rezipping a hairpin DNA template. (D) A single CMG unwinding event as measured by a 
magnetic trap shows more sporadic unwinding, but no rezipping. (E) Gp41 unwinding and rezipping rates measured 
at different forces. Rezipping is independent of force, but equivalent to the ssDNA translocation rate (<vss> = 409 ± 
16 bp/s) and unwinding rate increases with force (Ribeck and Saleh, 2013). (F) CMG unwinding rate also increases 
with force but with a less obvious trend (Burnham et al., 2019).  
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Each of the mentioned studies enabled detection of single helicases mediating individual unwinding 
events (Figure 2.3C and 3D). Each of the helicases show a relatively consistent unwinding rate 
interspersed with pauses, except for CMG, which was comparatively more sporadic (see further 
discussion of CMG in section 2.3.4.2). Unwinding is also occasionally followed by ‘rezipping’ of the DNA 
template in the wake of the helicase. Rezipping presents as the slow, falling edge of bead movement 
and has been shown to be equivalent to the helicase translocation rate (Lionnet et al., 2007; Manosas et 
al., 2010). Interestingly, the measured unwinding rate varied among helicases, but each was consistently 
slower than the known corresponding replication rate (Table 2.1). Another commonality was the 
response to increased force applied to the occluded strand (>20 pN) where the unwinding rate (but not 
rezipping rate) increased exponentially (Figure 2.3E and 3F). Forces in this regime are expected to 
destabilize dsDNA, so therefore it is likely the free energy cost of unwinding at the DNA fork junction is 
proportionally reduced. Although seemingly removed from the conditions of the cell, this finding has 
two important implications for helicase unwinding mechanics that will be discussed below. 
 
Helicase Unwinding rate (bp/s) Processivity (bp) Replication rate (bp/s) Action 
Gp4 
30 
(Johnson et al., 2007) 
~400 
(Johnson et al., 
2007) 
~160 





(Lionnet et al., 2007) 
~200 






(Ribeck et al., 2010) 
~ 1000 
(Ribeck et al., 2010) 
300 – 1000 
(Chandler et al., 1975; 




0.10 – 0.47 
(Burnham et al., 2019) 
~800 
(Burnham et al., 
2019) 
10 – 50 
(Sekedat et al., 2010; Lewis 




Table 2.1. Replicative helicase rate and processivity parameters.  For the replicative helicases gp4, gp41, DnaB and 
CMG, from T7 phage, T4 phage, E. coli and S. cerevisiae, respectively, the best estimates are given for the 
parameters of unwinding rate, processivity, replication rate, and predicted mode of action.  
 
Firstly, these single-molecule studies confirmed that replicative helicases are inefficient at low forces, 
but rates comparable to those seen in replication can be obtained by applying a stronger force. Similarly, 
other single-molecule studies have shown that addition of the polymerase holoenzyme can improve the 
helicase unwinding rate and processivity (Manosas et al., 2012a, b). Therefore, a model starts to form of 
how polymerization acts to destabilize DNA at the fork to promote rapid helicase translocation and 
unwinding. Further discussion of the synergy between the helicase and polymerase are explored in 
section 2.4.3.2. 
The second important implication of the force-unwinding relationship relates to the thermodynamics of 
helicase-mediated unwinding. The process of ‘unzipping’ the next base pair is the rate-limiting step in 
the cycle of unwinding and can occur in two possible modes: either passive or active. For passive 
unwinding, ATP is only consumed for the helicase to translocate along ssDNA, and the DNA junction is 
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advanced following thermal fraying of the proximal base pairs. For active unwinding, the energy from 
ATP hydrolysis by the helicase contributes to DNA junction destabilization as well as translocation. A 
dependence on force applied to assist duplex opening is a trait of the passive helicase unwinding model 
(Betterton and Julicher, 2003, 2005). Gp41, Gp4, DnaB and CMG all exhibit this property – in distinct 
contrast to that of a known active helicase like RecQ (Manosas et al., 2010). Some of these helicases also 
demonstrate sensitivity to the AT content in the unwound DNA (Ribeck et al., 2010; Ribeck and Saleh, 
2013; Syed et al., 2014; Schlierf et al., 2019), which is another trait of passive helicases. Intriguingly, for 
gp41, the measured force-rate curve is fit nicely by the passive model; however for gp4 and DnaB, the 
results deviate from the model at high forces. Thus, it is tempting to argue that these helicases must 
somehow contribute to DNA junction destabilization and are thus “weakly active”.  
A “weakly active” helicase is an enzymatically interesting concept; however, the available data do not 
unequivocally support this conclusion and its implications for replicative helicases. We should also 
question the robustness of the passive unwinding model. The model is extremely sensitive to the value 
of step size and slippage frequency – parameters that are both very difficult to measure. Notably, for 
gp4 the data fit well with different parameter sets, which actually predict different unwinding 
mechanisms (Manosas et al., 2010; Chakrabarti et al., 2019). As a consequence, the topic of passive 
versus active mechanism remains controversial, with the literature rife with conflicting statements 
about the true unwinding mechanism based on different methods. It is possible that all these replicative 
helicases are passive, and thus far we have not been able to identify the proper model. Alternatively, 
some of these helicases could be partially active, but we do not currently possess techniques with the 
necessary discriminatory power to confirm this hypothesis.  
For future studies of replicative helicase action, we should look to methods with high-spatiotemporal 
resolution such as optical traps (Qi et al., 2013) or nanopore technology (Craig et al., 2019), but also 
applied with significant throughput. More comprehensive theoretical modelling is also needed with 
fewer assumptions of unwinding parameters (see Chakrabarti et al., 2019).  
2.3.2 Subunit coordination during unwinding 
Unlike monomeric or dimeric helicases, the replicative helicases are all hexameric rings (O'Donnell and 
Li, 2018) and therefore require a great deal of coordination among the six subunits to achieve efficient 
translocation. Through the power of single-molecule methods like fluorescence resonance energy 
transfer (FRET) and trapping assays, we are able to observe individual unwinding events mediated by 
single helicases in real-time with the resolution approaching individual base pairs. FRET is a technique 
based on energy transfer between two fluorophores; the efficiency of this transfer is highly dependent 
on the distance between them (Deniz et al., 1999). Measurements of changes in FRET efficiency 
therefore provide a high-resolution readout of changes in distances, such as the separation of DNA 
strands during unwinding (Figure 2.4A).  
In terms of helicase subunit coordination, these experiments permit high resolution detection of inter- 
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and intra-molecular dynamics in unwinding which in turn informs on subunit activity. During moments 
of normal unwinding, coordination is effectively implied. The most informative part of these 
experiments actually comes from moments of un-coordination detected during unwinding. From here, 
the experiments can be modified to further probe into the causes of un-coordination.  
 
 
Figure 2.4: Single-molecule detection of replicative helicase stepping using FRET. (A) Single-molecule FRET can 
detect the steps of unwinding as the physical distance between the donor and acceptor fluorophores changes. 
(inset) When the donor and acceptor are proximal the FRET efficiency is high, and when these fluorophores move 
farther apart the FRET efficiency decreases. (B) Typical FRET unwinding traces for G40P, the DnaB-like helicase 
(Schlierf et al., 2019). On templates containing no GC base pairs, G40P unwinding exhibits a rapid decrease in FRET. 
On templates containing 3 GC base pairs, G40P frequently stalls (see arrows), slips backwards and then re-attempts 
unwinding. (C) The percentage of FRET templates unwound by G40P decreases with increasing GC DNA content, but 
a higher percentage can be recovered with the inclusion of the DnaG primase. (D) Typical FRET unwinding traces for 
the gp4 helicase, where a nanotensioner is used to improve the FRET signal resolution (Ma et al., 2020). A histogram 
of gp4 step sizes (right) shows the helicase can sample a hierarchy of steps with 2 nt being the most common size. 
 
The most common indicator of un-coordinated subunits observed in single-molecule experiments is 
helicase slippage. By observing the gp4 helicase at the single-molecule level, Sun et al. (2011) detected 
that the helicase mostly maintains a constant unwinding rate but occasionally slips backwards on the 
DNA. Helicase slippage likely occurs due to desynchronized subunits where one or more of the six 
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subunits misfires its ATPase ability causing it to transiently loses its connection to the ssDNA. Sun et al. 
(2011) found that gp4 slippage only occurs in the presence of ATP, and not dTTP, the latter being the 
preferred nucleotide during replication (Matson and Richardson, 1983). Therefore, it is conceivable that 
ATP-induced slippage is a backup mechanism to keep the helicase close to the polymerase if the 
polymerase ever slows or stalls when the dNTP pool is depleted and these two enzymes are decoupled. 
This raises the further question if perfect helicase subunit coordination is even desirable in a complex 
system such as the replisome. 
Slippage is also observed in single-molecule studies of T4 gp41 (Manosas et al., 2012a) and G40P, the 
DnaB-like helicase of phage SPP1 (Schlierf et al., 2019). Interestingly, these helicases both demonstrated 
a higher frequency of slippage at regions of DNA with a high GC content (Figure 2.4B and 4C). This aligns 
with the expectation that replicative helicases passively unzip DNA (as discussed in section 2.3.1). In this 
passive model, GC base pairs correspond to higher free energy for fraying than AT pairs and thus greater 
chance of failure and subsequent slipping. It is likely that slippage is attributable to either the 
simultaneous unbinding of all subunits from DNA or a cascading effect after one subunit unbinds. 
Interestingly, it has been demonstrated that this slippage effect is negated by the presence of the 
polymerase (Manosas et al., 2012a) or primase (Figure 2.4C) (Schlierf et al., 2019), suggesting that 
slippage only ever occurs when the helicase is decoupled from the replisome (see section 2.4.3 for more 
details). 
There was no detection of CMG helicase slippage when observing unwinding events at the single-
molecule level using magnetic traps (Figure 2.3D) (Burnham et al., 2019). CMG does interact with several 
other replisome components, such as Pol ε, Mcm10 and MTC, that could potentially inhibit slippage 
(reviewed in Lewis and Costa, 2020), but they were not present in this assay. It is possible that the 
MCM2–7 hetero-hexamer arranges the different subunits around DNA in a way that prevents slipping. 
However, we do not understand the unwinding mechanism of CMG well enough to make this 
assessment (see section 2.3.4.2). Alternatively, in structures of CMG, the Cdc45 subunit is in contact 
with both the MCM2–7 ring and DNA. It has, therefore, been suggested that this protein acts as an 
internal brake within the helicase to prevent slippage events (Petojevic et al., 2015). There is future 
scope to apply these high-resolution single-molecule FRET methods to CMG (Figure 2.4A; see section 
2.3.3), to see if the helicase responds differently to variations in the GC content of the template.  
Furthermore, it would be interesting to explore the possibility of a new type of assay where the FRET 
pair is attached to different helicase subunits. If feasible, this measurement would be incredibly 
insightful to directly detect the movement and thus coordination of subunits during unwinding. 
2.3.3 Step size 
During unwinding, helicases separate base pairs in discrete, repeated events known as steps. Thus, it is 
important to determine the factors that contribute to the stepping action and step size of a helicase. 
Step size can be further defined as either the “physical” or “kinetic” step size, where the former is the 
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physical distance (in nucleotides) traveled per NTP hydrolyzed, and the latter is the distance between 
two rate-limiting transitions. The concepts surrounding protein site size were originally conceived by 
McGhee and von Hippel (1974) and went on to become defining parameters of helicase activity 
(Delagoutte and von Hippel, 2001). 
In all structures of the replicative helicases bound to ssDNA (Figure 2.2), each helicase subunit contacts 
the backbone of two nucleotides. These structures imply that each of these helicases move with a 
physical step size of 2 bp per ATP cycle. In contrast, early single-turnover ensemble measurements of 
the kinetic step size of gp4 resulted in an estimate of ~10 bp (Jeong et al., 2004). The lab of Taekjip Ha 
has developed single-molecule assays based on FRET to detect helicase unwinding events with a 
structural resolution of ~3 bp (Figure 2.4A and 4B) (Deniz et al., 1999; Ha et al., 2002). They have since 
applied this assay to a number of helicases, including gp4 (Syed et al., 2014) and DnaB-like, phage SPP1 
G40P (Schlierf et al., 2019). They were able to directly detect small steps of 2–3 bp for both helicases. 
Interestingly, further analysis of the single-molecule kinetics showed that the dwell time between steps 
was best described by a gamma distribution rather than an exponential one. Such a fit suggests that 
there are several rate-limiting kinetic steps hidden within bursts of 2–3 bp of unwinding. 
This theory on stepping action was recently proven by direct observation. Lin et al. (2017) were able to 
further enhance the resolution of the single-molecule FRET unwinding assay with the addition of a 
nanotensioner. A nanotensioner is a short DNA duplex designed to apply force to both ends of the 
unwinding template overhangs. As a result, the fluorophores on the overhangs are stabilized and the 
FRET resolution is improved to <1 bp (Lin et al., 2017). When used to study gp4, the nanotensioner-
enhanced FRET unwinding assay revealed that the helicase took a variety of step sizes between 1–4 bp, 
with 2 bp being the most common (Figure 2.4D) (Ma et al., 2020). A possible explanation for the 
variation in step size is to consider that these hexameric helicases sample a hierarchy of steps where 
part of the elastic energy from a prior step can contribute to the next step. In their study, Ma et al. also 
found that gp4 stalled at abasic lesions, where it shuffled 1 bp back and forth and then occasionally 
jumped past the lesion. The ability to sample different step sizes and ‘leapfrog’ lesions could be a 
potential mechanism to confer robustness by ensuring the helicase, and by extension the replisome, 
acts processively to duplicate DNA. 
The only replicative helicase not discussed here is CMG. Currently our knowledge of the CMG helicase 
stepping mechanism is severely limited. Structural data shows the MCM subunits each in contact with 2 
nucleotides (Figure 2.2C), yet the step size could still vary (Georgescu et al., 2017). Furthermore, this and 
other CMG structures (Abid Ali et al., 2016; Yuan et al., 2016b) show CMG arranged in a different 
quaternary state compared to gp4 and DnaB, so it is challenging to derive any information from the 
prokaryotic model to predict the likely nucleoprotein stepping dynamics of eukaryotic CMG. Single-
molecule assays with high spatial-temporal resolution seem the best path forward to help elucidate the 
step size of CMG. 
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2.3.4 Replicative helicase unwinding mechanism  
2.3.4.1 Bacterial and bacteriophage helicases 
Structural studies have probably made the greatest contribution to our knowledge of helicase 
unwinding mechanisms. The bacterial and phage replicative helicases are all expected to unwind in the 
5′ – 3′ direction via the same mechanism based on their similarity in structural motifs (as identified in 
section 2.2). The nucleo-protein structures of gp4 (Gao et al., 2019) and DnaB (Itsathitphaisarn et al., 
2012) both portray a hexameric spiral staircase of identical subunits around a spiral of ssDNA (Figure 
2.2A and 2B). Efforts to obtain a structure of gp41 have not been successful, attributable to issues 
related to protein solubility; however, the architecture is expected to be similar to that of gp4 (Mueser 
et al., 2010). In the gp4 and DnaB models, the positioning of the DNA-interacting loops and general 
hexamer flexibility suggests that the subunits might move sequentially in a ‘hand-over-hand’ fashion. 
There is no robust evidence exactly showing that NTP hydrolysis is reserved for individual subunit 
movement, or that the process takes place in sequential movements. However, Gao et al. find in their 
gp4 structures that the NTPase active site is tightest at the last subunit position in the spiral. Therefore, 
NTP hydrolysis is most likely to occur at this last subunit. We also know from bulk biochemical studies 
that NTP hydrolysis triggers ssDNA release from gp4 (Hingorani and Patel, 1993). Binding a new NTP 
then increases ssDNA affinity and permits advancement to the next available site. Therefore, it is not 
impossible to imagine that these replicative helicases couple NTP hydrolysis to subunit translocation 
from last to first in a repetitive cycle. 
These structural observations give us an idea of the different static architectures of unwinding; however, 
recent single-molecule studies have been able to disclose the intricate dynamics that occur in between 
these states. Although these experiments do not directly observe hand-over-hand unwinding, the 
results obtained do support this hypothesized mechanism. 
As we discussed earlier, single-molecule trapping studies have indicated that replicative helicases unzip 
duplex DNA via a passive or weakly active mechanism (see section 2.3.1). Similarly, single-molecule FRET 
unwinding experiments showed that the prokaryotic helicases most commonly step forward 2 bp at a 
time but can sample steps of 1–4 bp in size (see section 2.3.3). Furthermore, from the analysis of single-
molecule unwinding events, we have witnessed helicase slippage occurring as a likely result of 
transiently desynchronized subunits (see section 2.3.2). Collectively, these studies tell us that the 
unwinding process has considerable dependence on dynamics. Interestingly, Ma et al. (2020) described 
the most recent study to consider all of these dynamics in the context of the hand-over-hand 
mechanism and predict the existence of a possible intermediate state in this process. In their single-
molecule work, they find gp4 shuffling back and forth at abasic lesions or at low dTTP concentrations. 
The available static structures of gp4 cannot explain how this backward movement might be possible. 
Thus, the authors rationalize that shuffling could happen if the translocation of the last subunit is 
delayed at low dTTP concentrations, the first subunit also may dissociate so that only four subunits are 
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in contact with DNA, and then the junction can rewind. Further high-resolution structural and dynamic 
experimentation is needed to support this theory. 
2.3.4.2 Eukaryotic helicases 
Similar to the bacterial and phage helicases, most of our understanding of eukaryotic replicative helicase 
mechanism is derived from structural studies. These structures depict CMG as a hetero-hexameric spiral 
coiled around A-form-like ssDNA with the final two subunits bridging the gap in the spiral (Abid Ali et al., 
2016; Georgescu et al., 2017) (Figure 2.2C). So far CMG has only been found in two distinct conformers, 
not the six one might expect for a hexamer, leading to proposals that CMG moves in a more complex 
fashion than its bacterial counterparts. Unfortunately, our limited knowledge of the unwinding 
mechanism can be attributed to the relative infancy of the single-molecule investigation of this protein.  
The one high-resolution single-molecule study of CMG using magnetic traps offers a good starting point, 
and it suggests a passive action of unzipping – similar to all the other replicative helicases (see section 
2.3.1) (Burnham et al., 2019). Interestingly, this study also found significant intra-molecular variation in 
unwinding rate. Other, low-resolution single-molecule studies have found CMG unwinding to be 
enhanced by the presence of replisomal components such as RPA (Kose et al., 2020) and Mcm10 
(Wasserman et al., 2019). Interestingly, through the use of correlative fluorescence and force 
spectroscopy, Wasserman et al. were able to detect instances where CMG transitioned between ssDNA 
translocation to more rapid and random dsDNA diffusion upon applying a duplex destabilizing force. The 
authors propose a gate must exist in the MCM2–7 hexamer of CMG to permit the move from encircling 
single-stranded to double-stranded DNA. It is possible such a gate could allow CMG to escape stalled 
replisomes and restart replication further downstream (Wasserman et al., 2019). This propensity of 
CMG for variation is unique among replicative helicases and reinforces the idea of a very different 
mechanism of unwinding.  
The best path forward to uncovering more about the CMG unwinding mechanism likely involves further 
investment in high-resolution single-molecule analyses of this enzyme. CMG has not been observed in a 
single-molecule FRET unwinding assay and should be the first step on this path using the existing studies 
on bacterial and phage helicases as a guide (see section 2.3.3) (Syed et al., 2014; Schlierf et al., 2019; Ma 
et al., 2020). FRET could also be used to study the inter-subunit dynamics of unwinding by labeling 
different subunits of the CMG hetero-hexamer – a method that has already been applied to analyze 
CMG ring closure at an origin of replication (Ticau et al., 2017). 
2.4 Dynamics of helicase-replisome interactions 
2.4.1 Helicase loading during replication initiation 
Loading of the replicative helicase is the key step in initiating DNA replication. Between species, 
distinctly different players are involved in loading, but in each case the process is tightly controlled to 
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only initiate replication at the correct time and place. Genetic studies in E. coli have shown that if some 
of the initiation players are suppressed, unregulated and untimely initiation can occur – often with lethal 
consequence (Charbon et al., 2018). Ensemble-averaging studies have made tremendous headway to 
characterize the proteins involved in initiation, but single-molecule techniques hold a greater resolving 
power capable of identifying the initiation assembly order and potential protein intermediates along the 
way. 
The first example of single-molecule investigation of replication initiation was conducted by Benkovic 
and coworkers. Their work was able to identify key events during T4 replication initiation. This process is 
still ambiguous because it is debated whether the gp41 helicase and gp43 polymerase maintain a 
physical coupling in replication and thus if their synchronized initiation is necessary (Spacciapoli and 
Nossal, 1994; Dong et al., 1996; Delagoutte and von Hippel, 2001) (see section 2.4.3.2). Another protein, 
gp59, has been implicated in a helicase loader role, and thus potentially the key factor to organise T4 
replication initiation (Benkovic and Spiering, 2017). Previous work has shown that gp59 has strong 
affinity for ssDNA and can destabilize the gp32 SSBs at the replication origin (Jones et al., 2004). It has 
been suggested that once the gp59 helicase loader accesses the replication origin, it becomes an 
assembly point for both the gp41 helicase and gp43 polymerase. The use of single-molecule 
fluorescence colocalization as well as smFRET, where the dyes are attached to different proteins 
partners, has demonstrated that gp59-gp32 first binds and ‘locks’ the gp43 polymerase on ssDNA, which 
prevents DNA synthesis. Addition of the gp41 helicase results in its loading via the gp59 helicase loader, 
which consequently ‘unlocks’ the polymerase and the complete replisome may begin replication (Xi et 
al., 2005a, b; Zhang et al., 2005). Evidently, the gp59 helicase loader plays a critical role to orchestrate 
T4 replication initiation and synchronize unwinding and polymerization.  
This initial work by Benkovic et al. laid the groundwork for using these single-molecule methods to 
detect protein assembly order in complex systems like that of replication initiation. Since then, similar 
methods have been applied to untangle the even more complex process of replication initiation in 
eukaryotes (reviewed in detail by Lewis and Costa (2020). At present, we understand the first stage as 
‘origin licensing’, which is temporally confined to the G1 phase of the cell cycle. First, the origin 
recognition complex (ORC) binds directly to one of the many origin DNA sequences. Next the accessory 
initiator proteins Cdc6 and Cdt1 recognize, bind and thus become a ‘marker’ of the helicase loading loci. 
These two proteins then facilitate the loading of two MCM2–7 rings in a head-to-head, double hexamer 
orientation. When the cell reaches S phase, the second stage described as ‘origin firing’ begins, in which 
MCM2–7 is converted into a complete CMG helicase with the addition of the Cdc45 and GINS proteins, 
and finally processive unwinding is activated by the firing factor, Mcm10.  
This initiation pathway is highly concerted; however, many features remain ill-defined, with one of the 
key questions being whether the initial loading of the two helicases occurs simultaneously or 
sequentially. Ticau et al. answered this question in their single-molecule study when they reconstituted 
the initiation process in vitro and observing loading events through the real-time colocalization of 
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fluorescently labeled DNA and MCM2–7 hexamers. These assays were able to distinguish sequential 
fluorescence steps corresponding to MCM2–7 hexamers loading one after the other (Figure 2.5A and 
5B) (Ticau et al., 2015). Further experiments showed that each hexamer loading was correlated with the 
binding of a different set of Cdc6 and Cdt1 proteins (Cdt1 example shown in Figure 2.5B). These results 
were able to demonstrate sequential MCM2–7 loading, and also suggest the second hexamer loads in a 
process distinct from the first. Several years later, the same research group built on their original assay 
by labeling different MCM2–7 subunits with a FRET pair and monitoring ring closure during loading 
(Ticau et al., 2017). They observed both donor and acceptor fluorescence as an indicator of binding, as 
well as FRET as a measure of ring opening and closing (Figure 2.5C and 5D). The results indicated that as 
each MCM2–7 hexamer loads, it opens its ring briefly and then closes as it encircles DNA (Figure 2.5D). 
This study also identified that ring closure is tightly correlated with ATP hydrolysis and departure of the 
associated Cdt1 (Ticau et al., 2017). 
 
 
Figure 2.5: Single-molecule visualization of CMG assembly during S. cerevisiae replication initiation. (A) A single-
molecule assay where two-color colocalization is used to detect CMG loading in vitro. (B) Fluorescently labeled 
MCM2–7 (red) binds simultaneously with Cdt1 (green), with multiple hexamers appearing to bind sequentially 
(Ticau et al., 2015).  (C) A single-molecule assay where FRET is used to detect MCM2–7 ring opening and closing. (D) 
Observation of both donor and acceptor emission identifies when MCM2–7 binds DNA. The FRET efficiency 
indicates the hexameric ring state, where high FRET denotes a closed ring and low FRET denotes an open ring. 
Instances of low FRET (black lines) correlate with MCM2–7 binding, indicating that the ring briefly opens as it 
encircles DNA during loading (Ticau et al., 2017). 
 
Other single-molecule studies have been able to corroborate these observations. Specifically, single-
molecule use of correlative fluorescence and force spectroscopy made it possible to detect a gate in 
CMG that opens when the helicase transitions from translocating ssDNA to dsDNA (Wasserman et al., 
2019). This study also identified that this gate is distinct from the ring opening mechanism and is 
possibly how CMG exits the double-hexamer structure during origin firing. Furthermore, Champasa et al. 
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(2019) identified the key residues essential for double-hexamer formation using a combination of 
mutations and FRET. Duzdevich et al. (2015) employed a DNA curtain assay to observe hexamer loading 
within a larger replication initiation pathway. Collectively, these results indicate the mechanism of how 
replication is controlled to only ‘fire’ once in a bidirectional manner. They also highlight the degree to 
which replication initiation is a highly coordinated process in eukaryotes.  
Interestingly, no single-molecule studies have been done on helicase loading in bacteria. This process 
has been studied extensively via ensemble biochemical methods and structural analysis (reviewed by 
Chodavarapu and Kaguni, 2016), yet single-molecule examination could be very useful to clarify the 
replisome assembly pathway at oriC and pinpoint the activation of the DnaB helicase. 
2.4.2 Stability during replication 
All replication complexes need to be highly processive in DNA replication to fully duplicate the long 
chromosomal molecules. Essentially, this means that the main enzymes of replication, the polymerase 
and helicase, need to sustain their activity for the entirety of the replication process. Especially for E. 
coli, this expectation of high replisome processivity is based on the known genome size (4.6 Mbp) and its 
duplication time (~40 min) (Chandler et al., 1975), coupled with the necessity for only two oppositely-
traveling replisomes, but yet the relatively infrequent rate of replication collapse (1 in every 5 
generations) (Maisnier-Patin et al., 2001). Along with the observation of a relatively stable replication 
complex, this led to a model of replication where the required high processivity of the replisome was 
strongly linked to its high stability (Beattie and Reyes-Lamothe, 2015). 
In contrast to this model however, observations of DNA replication at the single-molecule level revealed 
that the replisome is not a stable entity but is in fact highly dynamic with components rapidly 
exchanging in and out. This exchange phenomenon was first hypothesized and detected within the T7 
replisome (Loparo et al., 2011; Geertsema et al., 2014), and has since been identified in bacteria (Liao et 
al., 2016; Beattie et al., 2017; Lewis et al., 2017a; Li et al., 2019; Spenkelink et al., 2019; Dubiel et al., 
2020) and most recently, in eukaryotes (Kapadia et al., 2020; Lewis et al., 2020).  
In particular, the single-molecule application of fluorescence recovery after photobleaching (FRAP), and 
fluorescence loss in photobleaching (FLIP) have made it possible to measure the kinetics of this 
exchange process (Figure 2.6A and 6B). FRAP is generally the more versatile of the two methods, as it 
measures a very obvious reappearance of fluorescence after deliberate bleaching as an indicator of 
exchange (Spinks et al., 2021a). In E. coli, FRAP applied in vivo, at the single-molecule level, to 
fluorescent versions of the replicative Pol III, identified exchange to occur every few seconds (Beattie et 
al., 2017). Parallel in vitro FRAP experiments were able to detect individual E. coli Pol III exchange events 
during rolling-circle DNA replication and found the process to occur in a manner dependent on the 
concentration of free polymerase (Lewis et al., 2017a). A similar effect was identified in S. cerevisiae, 
where again single-molecule FRAP was applied in vivo to replisome-bound polymerases (Kapadia et al., 
2020) and in vitro to polymerases within a replication assay based on linear templates (Lewis et al., 
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2020); the in vitro study demonstrated concentration-dependent polymerase exchange – albeit at a 
slower rate than observed in E. coli.  
 
 
Figure 2.6: Single-molecule fluorescence visualization of replisome stability. (A) Single-molecule fluorescence 
recovery after photobleaching (FRAP) method can be used to quantify protein exchange in the form of recovered 
fluorescence following a deliberate bleaching event. (B) Single-molecule fluorescence loss in photobleaching (FLIP) 
method can also detect protein exchange when comparing fluorescence lifetimes between different conditions. (C) 
In the E. coli replisome, the polymerase holoenzyme (polymerase core and clamp loader complex) has been shown 
to exchange rapidly during replication (Beattie et al., 2017; Lewis et al., 2017a), while the DnaB helicase remains 
stably associated (Spinks et al., 2021a). (D) In the S. cerevisiae replisome, each of the polymerases demonstrates 
some degree of exchange, while the CMG helicase shows a complete lack of exchange (Kapadia et al., 2020; Lewis et 
al., 2020). (E) In vivo FRAP applied to fluorescent DnaB-YPet shows no recovery (yellow arrow) after the FRAP pulse 
(red arrow) and thus no exchange (Beattie et al., 2017). (F) In vivo FRAP applied to fluorescent Mcm4-mNG as part 
of CMG shows no recovery (yellow arrow) in the area bleached by the FRAP pulse (red arrow) (Kapadia et al., 2020). 
Therefore, CMG does not exchange. (G) In vitro FLIP applied to fluorescent DnaB-a647 within single-molecule 
rolling-circle replication. In this example kymograph the DnaB signal persists even though it is challenged with extra 
unlabeled DnaB, and therefore is not exchanging (Spinks et al., 2021a). (H) In vitro FLIP applied to fluorescent CMG-
LD650 during single-molecule replication of a linear DNA template. The CMG signal persists even though it is 
challenged with excess unlabeled CMG, and thus does not exchange (Lewis et al., 2020). 
 
FLIP is often used to complement FRAP as it measures the loss of fluorescence when a protein 
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exchanges for an unlabeled protein. In the cases where FLIP was also used in these studies, it did indeed 
confirm the results of FRAP (Beattie et al., 2017; Kapadia et al., 2020).  
As this dynamic replisome model becomes more solidified in the literature, it raises the question: if the 
replisome is not stable, how does the complex sustain processive replication? It seems the same single-
molecule methods also provide the means to answer this question. Through single-molecule FRAP and 
FLIP, it has been shown that unlike the polymerases, the replicative helicase exchanges rarely, if at all. In 
E. coli, in vivo FRAP measurements showed fluorescent DnaB never fully recovered its signal, indicative 
of very stably incorporated helicases (Figure 2.6E) (Beattie et al., 2017). This observation was 
corroborated by in vitro observations of fluorescent DnaB molecules during real-time rolling-circle 
replication (Spinks et al., 2021a). Here, the DnaB helicase displayed ambiguous recovery in FRAP, but 
through the use of FLIP, it was shown that once incorporated into the replisome, DnaB is impervious to 
challenge by a large excess of DnaB molecules in solution (Figure 2.6G). Spinks et al. also identified 
additional helicases traveling with the replisome, but it is unclear what benefit these helicases provide.  
Comparable observations of helicase stability have been made in S. cerevisiae, where fluorescent CMG 
demonstrated long residence times and low FRAP recovery in vivo (Figure 2.6F) (Kapadia et al., 2020). 
Also, examination of fluorescent CMG with FLIP during in vitro reconstituted replication, established 
that the helicase is unaffected by the presence of excess CMG (Figure 2.6H) (Lewis et al., 2020). The 
stability of the phage helicases, gp41 and gp4, have yet to be assessed at the single-molecule level. Yet, 
it is expected to be the consistent with the E. coli data owing to their similar replisome architecture. 
Taking these results together, the replicative helicase very rarely exchanges during DNA replication. 
Instead, after one helicase is loaded and replication is initiated, it is likely that a single helicase is 
maintained for the entirety of the replication process. In this sense, the replicative helicase becomes the 
anchor of the replisome, ensuring processive replication and providing a constant binding site for other 
exchanging proteins (Figure 2.6B and 6C). Furthermore, this high degree of helicase stability is likely the 
reason for the intricate replication restart pathways that exist in all life to reload the replicative helicase 
in cases where it has dissociated. 
2.4.3 Replisome coupling  
In all replisomes, the primary responsibility of the replicative helicase is to unwind double-stranded 
parental DNA into two template strands for copying. Unlike non-replicative helicases, these replisome-
bound helicases also seem to have a secondary role to act as anchor points for the larger multi-protein 
complex (as discussed in section 2.4.2). Interestingly, the interactions between the replicative helicase 
and other replisomal proteins also appear to enhance helicase activity (as discussed in section 2.3.1). 
Observations of replicative helicase activity at the single-molecule level has helped tease out the 
intricacies of the coupling interactions the replicative helicase has with the replisomal polymerase, 
primase and single-stranded DNA-binding proteins (SSBs). 
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2.4.3.1 Helicase-primase coupling interactions 
The replisomal primase function is dependent on the replicative helicase, despite these two enzymes 
apparently moving in opposing directions during primer synthesis. This dependency holds true across all 
kingdoms, even though the physical form of the primase has diversified. Amongst all this variation, we 
know relatively little about the underlying principles of the priming process – leaving a substantial space 
to be explored experimentally, especially with single-molecule methods.  
It is from single-molecule studies of helicase-primase interaction that we have been able to detect DNA 
loops forming during priming for the first time – a process that was previously only thought to occur 
during Okazaki fragment cycling on the lagging strand (Alberts et al., 1983; Dixon, 2009) (Figure 2.7). It 
had been speculated that helicase unwinding, and thus the whole replisome, would need to pause or 
have the primase dissociate during the relatively slow step of primer synthesis, a mechanism that has 
been observed in a hydrodynamic bead replication assay using the T7 replisome (Lee et al., 2006). 
However, later work using the T4 gp41 helicase and gp61 primase within a magnetically trapped bead 
assay showed that instead of pausing, a loop of lagging-strand DNA (priming loop) is generated during 
priming by gp61. Only unwinding activity is examined in this assay and unlike the T7 gp4, the T4 helicase 
and primase are separate entities that can dissociate if need be. Yet if NTPs are present in this assay, the 
bead moves in a manner characteristic of priming loops (Manosas et al., 2009). Such looping activity is 
not observed when all priming sites are excluded from the DNA template. Priming loops have also been 
detected in the T7 system using ensemble biochemical methods (Pandey et al., 2009). More recently a 
single-molecule assay that enabled the simultaneous detection of T7 phage leading- and lagging-strand 
synthesis demonstrated that both priming loop formation and pausing during priming can occur during 
replication (Duderstadt et al., 2016) (Figure 2.7).  
 
Figure 2.7: The priming model employed within the T7 replisome. During RNA primer synthesis, the replisome can 
accommodate the slow priming step by either pausing momentarily or generating a ‘priming loop’ of ssDNA. This 
priming loop is distinct from the other ‘lagging strand loop’ that forms in cycles of Okazaki fragment synthesis. 
Priming loops have also been identified in the T4 replisome, but so far not yet in the E. coli or eukaryotic replisomes. 
 
Altogether, these observations indicate that the T7 replisome employs different mechanisms to 
coordinate primase synthesis with helicase unwinding, with priming loops the most commonly observed 
Chapter 2                                                                      Single-molecule review of replicative helicases 
29 
 
one. Priming loops have not yet been detected in the more complex replisomes of E. coli and S. 
cerevisiae, but it would be interesting to know if this mechanism is conserved. 
Another relevant helicase-primase interaction has been uncovered by single-molecule analysis. It 
appears in some cases that the presence of the primase can prevent backslipping by the helicase (as 
discussed in section 2.3.2). Such behavior was observed in the study of single-molecule FRET stepping by 
the DnaB-like G40P helicase. Rapid backslipping of the helicase was shown to occur more frequently at 
GC junctions and at low ATP concentrations, but was fully suppressed with the addition of DnaG primase 
(Schlierf et al., 2019) (Figure 2.4C). Interestingly, the measured unwinding rate did not differ with or 
without DnaG at saturating ATP conditions. These results agree with previous ensemble observations 
that DnaG has the potential to stimulate helicase activity (Wang et al., 2008; Monachino et al., 2020). 
Taken together, these studies suggest that the DnaG primase has a stabilizing effect on the helicase 
which prevents slippage on the DNA. 
In a broader context, we are obtaining a clearer picture of how the primase and helicase interact during 
replication, with each enzyme showing enhanced activity in the presence of the other. It would not be 
unreasonable to think that these two enzymes have evolved to be co-dependent on each other to act 
efficiently, but only during DNA replication. In the future it would be interesting to use single-molecule 
methods to observe the kinetics of primase exchange into and out of the replisome and if dissociation 
correlates with replication dysfunction. Also, the eukaryotic helicase and primase should be examined. 
We know from FRAP-based studies that the Pol α-primase exchanges during replication (Lewis et al., 
2020), but it is unclear if its main point of contact is the CMG helicase or some other replisome 
component. 
2.4.3.2 Helicase-polymerase coupling interactions 
Another important replisomal interaction to consider is that between the helicase and the polymerases. 
These enzymes are the main driving forces of replication, consuming energy to separate DNA and then 
synthesize new DNA. Bulk biochemical analysis of each enzyme found that both the helicase and 
polymerase function worse in isolation than within the replisome (summarized in Patel et al., 2011). 
Based on this observation one can hypothesize that the activities of the helicase and polymerase are 
tightly coordinated. Single-molecule methods once again seem to be the means to access a deeper level 
of understanding as to how these enzymes work in combination during replication.  
The work of Manosas et al. (2012a) on the coupling of the T4 gp41 helicase and gp43 polymerase is a 
prime example of the effectiveness of single-molecule tools. They measured enzymatic activity with a 
magnetically trapped hairpin DNA template and were able to reaffirm the conclusions made from the 
bulk measurements. Isolated gp41 helicase was measured to unwind slowly (~100 bp/s for ~100 bp), 
and isolated gp43 polymerase is completely inactive as it has no strand displacement activity. Each of 
these activities improved drastically with the application of force with the polymerase developing a 
strand-displacement ability at force >10 pN. The external destabilization of the DNA junction leads to 
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‘replication-like’ rates for both the helicase and polymerase, thus suggesting each enzyme aids the other 
to progress the fork. The authors confirmed this synergistic effect by combining gp41 and gp43 to carry 
out leading-strand replication and achieve much faster activity (~300 bp/s) under normal forces. 
Interestingly, application of higher force (>9 pN) to replication did not increase activity. Instead, there 
were clear fast and slow periods within individual trajectories characteristic of rapid helicase unwinding 
and trailing polymerase synthesis. These observations suggest that during these bursts the helicase and 
polymerase have become uncoupled from each other. The authors also demonstrated that this 
uncoupling behavior can also be caused by reducing the dNTP concentration, which likely induces 
polymerase stalling. 
Given that gp41 and gp43 are not constantly physically tethered in the T4 replisome (Delagoutte and 
von Hippel, 2001; Ishmael et al., 2003), it is probable that the observed coupling and uncoupling is 
mechanical in nature. Manosas et al. (2012a) identified a unique opportunity to test this theory; they 
created a chimeric replisome of the T7 polymerase holoenzyme and T4 helicase and inserted it into their 
single-molecule leading-strand replication assay. They found coupling/uncoupling behavior very similar 
to the normal T4 replisome, which reinforces their mechanical coupling theory at least for T4.  
In the T7 phage system, similar coordinated coupling has been observed in bulk (Notarnicola et al., 
1997; Stano et al., 2005; Ghosh et al., 2008; Pandey and Patel, 2014; Nandakumar et al., 2015). In a 
recent structure, the T7 gp4 helicase and gp5 polymerase are positioned perpendicular to each other at 
the fork suggesting there is some coupling effect during unwinding (Gao et al., 2019), however, 
mutational evidence suggests that such synergy is not dependent on the physical connection between 
the helicase and polymerase (Stano et al., 2005). We are yet to see if the T7 replisome is capable of 
uncoupling – an activity best suited for single-molecule analysis. We are also yet to see if the helicase 
and polymerase of bacteria and eukaryotes exhibit coupling behavior. One single-molecule study of 
reconstituted E. coli rolling-circle replication did identify a potential uncoupling action, with the DnaB 
helicase continuing unwinding during pauses in replication (Graham et al., 2017). Higher-resolution 
single-molecule studies are needed to dissect this behavior in E. coli DNA replication. Future work 
should also focus on the mechanistic aspects of helicase-polymerase synergy – specifically to identify 
triggers of uncoupling and the subsequent factors that determine recoupling. 
2.4.3.3 Helicase-SSB coupling interactions 
Single-molecule investigation of replicative helicases has also shown that SSBs have an enhancement 
effect on unwinding. There is no known direct physical connection between the replicative helicase and 
SSBs within the replisome of any species. Therefore, we can envisage that SSBs assist the helicase by 
either binding to the translocated strand and preventing backslipping, or sequestering to the free 
excluded strand upon thermal fraying to aid in unwinding. These scenarios are not mutually exclusive, so 
there is a possibility that both occur during unwinding. 
Observations of gp41 helicase unwinding of magnetically trapped hairpin templates identified 
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occasional backslipping, but the addition of the T4 SSB gp32 inhibited all slippage (Manosas et al., 
2012a). This study also found gp32 made a moderate improvement (~50%) in gp41 unwinding rates at 
low forces. Hence in this case, it seems that gp32 mainly assists gp41 by binding the translocated strand 
behind the helicase to prevent slipping but can also bind the excluded strand to aid unwinding. 
RPA, the eukaryotic replicative SSB was also observed to stimulate CMG helicase unwinding in single-
molecule experiments. In this case, the CMG helicase alone unwinds very slowly, but the addition of RPA 
speeds up the process 10–20-fold (Kose et al., 2020). This rate increase is large compared to the 
stimulation seen with T4 gp41 unwinding. Interestingly, in the eukaryotic replisome architecture, 
lagging-strand synthesis occurs on the excluded strand, which consistently positions RPA proximal to 
CMG at the fork (see replisome; Figure 2.1D). Thus, it is possible RPA fulfils a larger, auxiliary role in 
unwinding, similar to the leading-strand polymerase in prokaryotes (see section 2.4.3.2). This theory 
should be investigated further by high-resolution examination of the rate of replication with and 
without RPA. Also, a high-resolution structure of CMG unwinding DNA in the presence of RPA would also 
surely help elucidate the unwinding state within the eukaryote replisome. 
2.5 Conclusion and Outlook 
Single-molecule methods are becoming increasingly popular to examine the properties of motor 
enzymes in general and replicative helicases in particular. Methods such as optical and magnetic traps 
are becoming the standard to measure the kinetics of these enzymes at the single-molecule level to 
develop mechanistic information. On the other hand, fluorescence single-molecule techniques provide 
the means to access replicative helicase dynamics and coupling during each stage of replication both in 
vitro and in vivo. 
Collectively, the insights of the single-molecule studies discussed in this review indicate that replicative 
helicases, although considerably diverse, adhere to a set of universal principles. The unwinding 
mechanism of each of these helicases is an intricate and concerted stepping process; however, they all 
are passive or weakly active in unzipping DNA and are also poor helicases outside of the replisome. 
Taken along with the knowledge that each replicative helicase interacts with several other replisome 
components, this suggests that these enzymes have evolved to be dependent on other replisomal 
proteins, and vice versa. Also, by means of single-molecule investigation we understand more of the 
pathways involved in the intricately controlled process of replication initiation. Single-molecule methods 
have not been applied to E. coli initiation, but the potential exists for such research in the future. 
Likewise, single-molecule analysis of replisomal exchange identified that replicative helicases exchange 
very infrequently and instead are stably maintained throughout replication. This result suggests that 
beyond unwinding, replicative helicases also play a role to act as a processivity factor of the replisome, 
providing a stable platform for other exchanging components.  
Looking at the bigger picture, single-molecule methods have added another perspective from which to 
analyze replicative helicases. Complementing robust ensemble biochemical techniques and structural 
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methods, we have the means to understand these enzymes more comprehensively, and by extension 
also better understand the replisome. 
In the future, we expect to see further advancements in the field of single-molecule replicative helicase 
research as discussed here. Also, it is likely that emerging single-molecule techniques will further expand 
the toolbox we have to analyze and understand these helicases. For example, methods such as single-
molecule nanopores or hybrid fluorescence and force measurements have been effective to examine 
other motor enzymes (reviewed in Mohapatra et al. (2020). Single-molecule techniques should also be 
used to study other more auxiliary aspects of replicative helicases that are relevant at other points of 
the cell cycle. For example, most of the studies discussed here used DNA without any obstacles. While 
outside the scope of this review, another interesting area of research is how helicases respond to 
challenges and roadblocks that exist within the cell. Several recent single-molecule studies have sought 
to explore this concept to varying degrees (Fu et al., 2011; Yardimci et al., 2012; Mangiameli et al., 2017; 
Schauer et al., 2020). Many questions remain regarding the different types of challenges faced by 
replicative helicases operating in a cellular context and single-molecule approaches have the potential 
to contribute significantly to this important research area. 
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Rolling-circle DNA amplification is a powerful tool employed in biotechnology to produce large from 
small amounts of DNA. This mode of DNA replication proceeds via a DNA topology that resembles a 
replication fork, thus also providing experimental access to the molecular mechanisms of DNA 
replication. However, conventional templates do not allow controlled access to multiple fork 
topologies, which is an important factor in mechanistic studies. Here we present the design and 
production of a rolling-circle substrate with a tunable length of both the gap and the overhang, and 
we show its application to the bacterial DNA-replication reaction. 
Contributions 
This Chapter details the methodology required to create a DNA template with controlled fork topology 
suitable for efficient rolling-circle DNA replication in single-molecule imaging assays. The specific design 
allows for more efficient template usage and more homogenous replication reactions. 
My contribution involved the adaptation of the method to create a version of the DNA template with a 
fluorescent label at the 5’ flap, efforts that confirmed correct formation of the final product. The results 
of the experimental work I did are described in section 3.4 and depicted in Figure 3.2B. 
  




Rolling-circle amplification (RCA) refers to the synthesis of DNA using a circular, covalently-closed 
template strand (Figure 3.1A). First identified as a natural mechanism for replication of the DNA of 
bacteriophages (Schroder et al., 1973), RCA has proven to be extremely useful in many fields from those 
addressing important mechanistic questions concerning DNA replication (Mok and Marians, 1987; 
Tanner et al., 2009; Jergic et al., 2013; Georgescu et al., 2014) to applications in materials sciences, 
embracing biomedical and diagnostic technologies, DNA sequencing, and nanotechnology (Demidov, 
2002; Predki et al., 2004; Smolina et al., 2004; Ali et al., 2014; Smolina and Broude, 2015). The success of 
RCA is largely due to its simplicity and robustness. Unlike the polymerase chain reaction (PCR), RCA is 
isothermal. Nicked plasmid (Jones et al., 2004) or circular single-stranded (ss) DNA molecules annealed 
to a complementary oligonucleotide (Mok and Marians, 1987; Jergic et al., 2013) are commonly 




Loading of a bacterial (5’–3’) replicative helicase requires the use of a so-called tailed-form II DNA 
substrate (TFII-DNA; Figure 3.1A); form II is a historical nomenclature for nicked, or relaxed, covalently-
closed circular double-stranded plasmid or bacteriophage DNA, and helicase loading is facilitated by a 5’-
unpaired single-stranded overhang. These substrates with a single-stranded overhang resemble the 
replication fork in a living cell, and make ideal templates for in vitro studies of DNA replication. Most 
often, TFII-DNA substrates have been created by primer extension by a DNA polymerase of a tailed 
complementary oligonucleotide primer annealed to a closed-circular single-stranded DNA template such 
as a phage M13 derivative (Tanner et al., 2009; Geertsema et al., 2014). A disadvantage of this approach 
is that it does not allow control over the size of the ssDNA gap at the fork on the leading-strand 




Alternatively, TFII-DNA substrates have been created using strand displacement DNA synthesis at sites 
of nicks on plasmid DNA templates, resulting in substrates lacking a gap at the fork, but with 5’-tails of 
variable lengths (Yuan and McHenry, 2009). 
The inability to control fork topology and ssDNA gap sizes in either approach limits its utility and 
translatability in studying DNA replication mechanisms. For example, studies on forked linear DNA 
molecules have revealed that the length of both the gap and the 5’ overhang greatly influences the 
loading of the Escherichia coli DnaB helicase in PriA- and PriC-mediated replication restart pathways 
(Heller and Marians, 2005; Manhart and McHenry, 2013). Synthetic TFII mini-rolling circles have been 
created to overcome some of the limitations of the traditional approaches used for making RCA 
substrates. This approach combines the advantages of RCA with a fork topology that is fully defined by 
the user, even at the sequence level (Lee et al., 1998; Falkenberg et al., 2000; McInerney and O'Donnell, 
2004). However, the small size of these mini-rolling circles (70–100 bp) results in a very poor eukaryotic 
helicase loading efficiency (Langston et al., 2014), thus limiting their utility. This might be due to the 
strong rigidity of short double-stranded (ds) DNA segments and the consequently high topological strain 
in mini-rolling circles (Demidov, 2002). 
Here we report a quick, efficient and generalizable method to create substrates for the study of DNA 
replication on rolling-circle templates with control of gap size as well as length of overhang, with single-
nucleotide accuracy (Figure 3.1B). We used the plasmid pSCW01 (2030 bp) (Geng et al., 2011) to 
develop a rolling-circle template for use in in vitro studies of DNA replication. Briefly, the Nt.BstNBI 
nickase recognizes and introduces nicks at four sites on the same strand in the pSCW01 plasmid in a 37-
nt-long region. The three nicked oligonucleotides are displaced by heating at 85°C to obtain a 37-nt-long 
single-stranded region. A partially complementary fork oligonucleotide is then annealed to generate a 
gap and an overhang, whose lengths are both controllable. In the final step, the fork oligonucleotide is 
ligated to the gapped plasmid, yielding a TFII-DNA substrate with the desired fork topology. 
3.2 Materials and Methods 
3.2.1 Materials 
We used the following reagents: 
Chemicals: acetic acid, glacial (Ajax Finechem), agarose (Bioline), ATP (Sigma-Aldrich), dNTPs (dATP, 
dCTP, dGTP, dTTP) (Bioline), dithiothreitol (Astral Scientific), EDTA (Ajax Finechem), ethanol (Chem-
Supply), ethidium bromide (Amresco), HCl (Ajax Finechem), potassium glutamate (Sigma-Aldrich), MgCl2 
(Ajax Finechem), Mg(OAc)2 (Sigma-Aldrich), Na2EDTA (Ajax Finechem), PEG-8000 (Sigma-Aldrich), 
SDS(Sigma-Aldrich), Tris (Astral Scientific), Tween-20 (Sigma-Aldrich); 
DNA Purification kits: QIAGEN Spin Miniprep kit; 
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Gel Electrophoresis: 6× DNA Gel Loading Dye (ThermoFisher Scientific), GeneRuler DNA Ladder mix 
(ThermoFisher Scientific), 10,000× SybrGold (Life Technologies); 
DNA replication proteins from E. coli (purified according to previously published procedures): χψτ3δδ′ 
clamp loader complex (Tanner et al., 2008), β2 clamp (Oakley et al., 2003), and co-purified DnaB6/C6 
helicase/helicase loader complex and the DNA Pol III αεθ polymerase core (Jergic et al., 2013), with the 
α subunit purified according to (Lewis et al., 2017a); 
Restriction enzymes and ligase (New England Biolabs): BamHI-HF (R3136S), NcoI (R0193S), Nt.BstNBI 
(R0607L), PstI-HF (R3140S), T4 DNA ligase (M0202L); 
Buffers: NEB buffer 3.1 (50 mM Tris.HCl pH 7.9, 100 mM NaCl, 10 mM MgCl2, 0.1 mg/mL BSA), NEB 
CutSmart buffer (20 mM Tris-acetate pH 7.9, 50 mM KOAc, 10 mM Mg(OAc)2, 0.1 mg/mL BSA), 
replication buffer (30 mM Tris.HCl pH 7.6, 12 mM Mg(OAc)2, 50 mM potassium glutamate, 0.5 mM 
EDTA, 0.025% (v/v) Tween-20, 10 mM dithiothreitol), LES buffer (2× DNA Gel Loading Dye, 200 mM 
EDTA, 2% (w/v) SDS), TE buffer (10 mM Tris.HCl pH 7.6, 1 mM EDTA), Tris-acetate EDTA buffer (TAE; 40 
mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3). 
3.2.2 Oligonucleotide sequences 
Oligo 1: 5′-ATT TGA CTC C 
Oligo 2: 5′-CAT GGA CTC GCT GCA G 
Oligo 3: 5′-GAA TGA CTC GG 
Oligo 4: 5′-AAA AAA AAA AAA AAA AGA GTA CTG TAC GAT CTA GCA TCA ATC ACA GGG TCA GGT TCG TTT 
GGG AGT CAA AT 
Oligo 5: 5′-TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT GGG AGT 
CAA AT 
Oligos 1, 2, 3, and 5 were purchased from Integrated DNA Technologies, USA. Oligo 4 was purchased 
from GeneWorks, Australia. 
3.2.3 Leading-strand synthesis bulk assay 
Rolling-circle DNA template (3.8 nM) was incubated with 1mM ATP, 125 μM dNTPs, 30 nM χψτ3δδ′, 
90nM αεθ, 200 nM β2, 60nM DnaB6/C6 at 37 °C in replication buffer. Replication was terminated by 
mixing equal volumes of replication mixture with LES buffer. 
3.2.4 Gel electrophoresis 
Ethidium bromide-stained gels: Agarose gels (1% w/v) were cast with 0.8 μg/mL ethidium bromide. 
Electrophoresis in 1× TAE buffer was at 82 V for 85 min in a Wide Mini-Sub Cell GT System (Bio-Rad). 
DNA was visualized using a Bio-Rad Gel Doc XR (302 nm trans-UV light).  
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Cy5-labeled DNA gels: Cy5-labeled DNA products were loaded in 1% (w/v) agarose gels and separated in 
2× TAE buffer at 82 V for 85 min in a Mini-Sub Cell GT System (Bio-Rad). The Cy5 signal was detected 
with a GE Healthcare Life Science “Amersham Imager 600 RGB” (630 nm light). The DNA molecules were 
stained with 1× SybrGold in 2× TAE buffer for 2 h and then detected with a Bio-Rad Gel Doc XR (302 nm 
trans-UV light).  
SybrGold-stained gels: Agarose gels (1% w/v) were run in 2× TAE buffer at 60 V for 150 min in a Wide 
Mini-Sub Cell GT System (Bio-Rad). The gel was stained after electrophoresis with 1× SybrGold in2× TAE 
buffer for 2 h. The SybrGold-stained DNA molecules were detected with a Bio-Rad Gel Doc XR (302 nm 
trans-UV light). 
3.3 Protocol 
We adapted previously published protocols that use the pSCW01 plasmid (Geng et al., 2011; Ghodke et 
al., 2014). Plasmid pSCW01 was maintained in E. coli DH5α cells. A freezer stock was streaked on LB-agar 
plates containing 100 μg/mL of ampicillin. A single colony of DH5α/pSCW01 was amplified in a 3 ml 
culture in LB broth and grown for 8 h at 37 °C LB (100 mL) supplemented with 100 μg/mL ampicillin was 
inoculated with 0.1 mL of overnight culture and grown for 12 h. Cells were pelleted by centrifugation at 
3,000×g for 20 min at 6 °C. Pellets (∼1.6 g from 100 mL culture) were flash frozen and stored at −80 °C 
until further use. Plasmid DNA was isolated from the cell pellets using QIAGEN Spin Miniprep columns. 
Typically 60 μg of DNA were obtained for each gram of cells; 100–200 μg of pSCW01 were treated with 
1.5 units/μg of Nt.BstNBI and 100× molar excess of displacer oligonucleotides complementary to the 
fragments to be removed to create the gap (Oligos 1,2, 3) in 1× NEB buffer 3.1 at 55 °C for 4 h. The 
nickase was inactivated according to manufacturer's instruction by heating at 85 °C for 10 min. 
Following this, displacer oligos were annealed in a thermal cycler at a cooling rate of 1 °C/min until the 
reaction reached 12 °C. Excess displacer oligonucleotides were purified away from the gapped plasmid 
by PEG purification (Geng et al., 2011). Specifically, an equal volume of a freshly made 2× solution 
containing 26% (w/v) PEG-8000 and 20mM MgCl2 in Milli-Q water was added to the cooled reaction 
mixture containing the DNA and centrifuged at 6 °C for 1 h at 21,000×g. The supernatant was discarded 
and the pellet was gently resuspended and washed with1.5 mL of 70% (v/v) ethanol followed by 
centrifugation at 6 °C for 15 min at 21,000×g. Finally, the gapped plasmid (≥60% yield efficiency) was 
resuspended in previously warmed (65 °C) Milli-Q water toa concentration of 500 μg/mL. 
In the next step, the fork oligonucleotide (Oligo 4) was annealed to the gapped substrate. Annealing was 
performed in the presence of a three-fold molar excess of fork oligo over DNA substrate in 1×CutSmart 
buffer at 50 °C for 10 min, followed by slow cooling to 16 °C. The fork oligonucleotide is a 71-mer ssDNA 
molecule with a 12-nt 3′-sequence complementary to pSCW01. Hybridization to the gapped pSCW01 
plasmid results in a 25-nt gap. Next, ligation was performed by addition of 62.5 units of T4 DNA ligase 
per μg of DNA substrate in the reaction mixture supplemented with 8mM ATP and 10mM dithiothreitol, 
followed by incubation at 16 °C for 18 h. The ligase was then inactivated according to manufacturer's 
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instruction by heating at 65 °C for 10 min. Finally, the rolling-circle substrate was purified by 
precipitation with PEG (as before), resuspended in Milli-Q water and stored at −20 °C. For long-term 
storage, the DNA substrates are resuspended in TE buffer. 
3.4 Validation 
Prior to use in a rolling-circle DNA replication assay, the DNA substrate was assayed to verify efficiency 
of gap creation and ligation of the fork oligonucleotide. First, the efficiency of gap creation was assayed 
by restriction digestion using BamHI-HF, PstI-HF, and NcoI (see Figure 3.2A). These restriction 
endonucleases digest the pSCW01 plasmid at single sites (Figure 3.2A; lanes 2–4) in the region destined 
to yield the gap, and all three sites are lost when the plasmid has been successfully nicked by Nt.BstNBI. 
Annealing and ligation of the fork Oligo 4 does not restore any of the restriction sites. As expected, none 
of the three restriction enzymes digest the gapped pSCW01 (not shown) or the TFII DNA substrate 
(Figure 3.2A; lanes 5–8). Efficiency of gap creation was calculated by measuring the intensity of the 
bands corresponding to the linearized and untreated DNA substrate in ethidium bromide-stained 
agarose gels. Efficient gapping resulted in an undetectable band corresponding to the linearized DNA 
template (Figure 3.2A).  
 
 
Figure 3.2. Validation. (A) Digestion test. Plasmid and form TFII pSCW01 were treated with restriction 
endonucleases and separated in a 1% agarose gel. Plasmid pSCW01 (2.03 kb) migrates faster (lane 1) because it is 
supercoiled (sc; form I). After linearization with BamHI, PstI, or NcoI (linear; marked “lin”), it migrates as expected at 
2 kb (lanes 2–4). Form TFII pSCW01 migrates slower than linear pSCW01 (lane 5) because it is no longer supercoiled 
(i.e., it is relaxed; marked “rlx”), but it is still circular. BamHI, PstI, and NcoI recognition sequences are completely or 
partially overlapping with the 25-nt gap of pSCW01. Therefore, these restriction enzymes no longer cleave the TFII 
pSCW01 template or affect the way the DNA migrates (lanes 6–8); (B) Ligation test. A sample of not-ligated (lane 2) 
and of ligated (lane 3) 5-Cy5 labeled TFII pSCW01 were run in a 1% agarose gel. Only after ligation, we obtained that 
≥90% Cy5 signal overlapped with the relaxed DNA signal. As controls for the migration of the DNA molecules, we ran 
a mixed sample of supercoiled and relaxed pSCW01 plasmid in lane 1 and a sample of the Cy5-labeled fork oligo in 
lane 4; (C) Replication test. A leading-strand synthesis experiment was carried out using TFII pSCW01 and E. coli 
proteins. The reaction was terminated after 0, 0.5, 1, 2, 4, 8, 16, 60 min of incubation and the reaction products 
were separated in a 1% agarose gel (lanes 1–8, as shown).  
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We then performed a parallel ligation reaction in every batch using a 5′-Cy5 modified fork oligo (5Cy5 
Oligo 5) to create a DNA substrate termed ‘FluoRC’. To measure the efficiency of ligation, we ran four 
different samples on an agarose gel and imaged the gel using the Amersham RGB imager to detect DNA 
containing the Cy5 label (Figure 3.2B, magenta), followed by staining the gel with SYBR-gold to detect 
non-fluorescently modified DNA (Figure 3.2B, green). pSCW01 substrate (lane 1) shows the migration of 
the super coiled and nicked plasmids. Sample containing gapped pSCW01 annealed to the 5Cy5 Oligo 5 
(lane 2) exhibited a fluorescent band that migrates at the same position as 5Cy5 Oligo 5 control (lane 4) 
and a higher band that is consistent with the migration of the gapped pSCW01 substrate. On the other 
hand, the ligation reaction exhibits a shift in the migration of the Cy5 containing oligo, consistent with 
the formation of the ligated fork template (lane 3). Greater than 90% Cy5 signal overlaps with the 
relaxed DNA signal (lane 3).  
Finally, to assess the efficiency of the DNA substrate as a rolling-circle template, we examined its 
utilization in a DNA replication assay. In this experiment, we used the subset of proteins from the E. coli 
replisome that are necessary and sufficient for performing leading-strand synthesis. Under these 
conditions, we observed products that are several tens of thousands of nucleotides long (Mok and 
Marians, 1987; Demidov, 2002; Ali et al., 2014; Georgescu et al., 2014), with 75% of the original 
template being consumed after 60 min (Figure 3.2C).  
In summary, we present a straightforward, customizable and efficient strategy to create RCA templates 
with defined fork topology. This strategy can be exploited to optimize experimental conditions and can 
prove very valuable especially in single-molecule experiments, where a high throughput allows a better 
characterization of sub-populations, transient states, and rare events (Hill et al., 2017; Lewis et al., 
2017a). 
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Recent single-molecule studies have demonstrated that the composition of multi-protein complexes 
can strike a balance between stability and dynamics. Proteins can dynamically exchange in and out of 
the complex depending on their concentration in solution. These exchange dynamics are a key 
determinant of the molecular pathways available to multi-protein complexes. It is therefore 
important that we develop robust and reproducible assays to study protein exchange. Using DNA 
replication as an example, we describe three single-molecule fluorescence assays used to study 
protein exchange dynamics. In the Chase exchange assay, fluorescently labeled proteins are 
challenged by unlabeled proteins, resulting in the disappearance of the fluorescence signal. In the 
FRAP exchange assay fluorescently labeled proteins are photobleached, before exchange is measured 
by an increase in fluorescence as non-bleached proteins exchange into the complex. Finally, in the 
Two-color exchange assay, proteins are labeled with two different fluorophores and exchange is 
visualized by detecting changes in color. All three assays allow for the elucidation of the dynamic 
behavior of proteins in large biological systems. 
Contributions 
This Chapter describes the key methods to visualise protein exchange at the single-molecule level as 
they are used throughout this thesis. It details the theory, implementation and analysis using several 
single-molecule DNA replication experiments as examples. 
I designed the experimental protocols for each of these assays, carried out the example experiments for 
the Chase exchange assay as featured in section 4.3.1 and Figure 4.3A, and drafted the manuscript.  
  




Traditional in vitro biochemical assays are invaluable to study protein function and determine kinetic 
parameters that govern protein binding and enzymatic activity. Methods such as spectrophotometry, 
surface plasmon resonance, and isothermal titration calorimetry are well-established standards used to 
measure molecular kinetics. These methods, however, provide measurements of molecular properties 
that represent the average behavior of many individual components. Therefore, short-lived 
intermediates and heterogeneous dynamics are difficult, if not impossible, to observe using these 
traditional biochemical assays. 
Single-molecule detection techniques offer the potential to circumvent ensemble averaging by 
visualizing individual proteins. Single-molecule experiments can reveal rare sub states, alternative 
reaction pathways, or interaction hot spots that are otherwise masked in ensemble experiments 
(Monachino et al., 2017). Using single-molecule approaches, stochastic processes can be detected as 
they occur, opening the door to previously inaccessible kinetic information. In particular, the dynamic 
exchange of proteins is one type of molecular behavior that has not been accessible through ensemble-
averaging methods. A variety of multi-protein complexes have been shown to exhibit protein exchange 
behavior that is dependent on protein concentration (Delalez et al., 2010; Graham et al., 2011; Gibb et 
al., 2014; Chen et al., 2015). Specifically, a series of single-molecule studies has demonstrated that the 
highly stable DNA replication machinery is capable of exchanging proteins for competitors from the 
environment in a concentration-dependent manner (Loparo et al., 2011; Liao et al., 2016; Beattie et al., 
2017; Lewis et al., 2017a; Spenkelink et al., 2019; Lewis et al., 2020).  
Concentration-dependent protein exchange, at first glance, seems contradictory to the principle of 
dissociation rate constants being independent of concentration. Aberg et al. (2016) and (Sing et al., 
2014), however, have modelled how within large multi-protein complexes the kinetics of a protein can 
satisfy both stability and exchange mechanisms. Individual proteins are bound within the multi-protein 
complex through an interaction network consisting of multiple interactions. For multi-protein complexes 
supported by many weak binding interactions, the intricate choreography of bonds being rapidly made 
and unmade provides the ability to balance stability with plasticity. The observation of protein exchange 
suggests supramolecular protein complexes have a degree of plasticity allowing the complex to 
overcome possible challenges in a constantly changing molecular world (van Oijen and Dixon, 2015; van 
Oijen et al., 2018; Mueller et al., 2019). 
Exchange dynamics play a key role in determining the molecular pathways that are available to multi-
protein complexes. It is therefore important that we develop robust and reproducible assays to study 
this phenomenon. In this chapter, we describe the experimental protocols underpinning three 
complementary single-molecule fluorescence techniques that all allow the visualization and 
quantification of protein exchange dynamics. Specifically, we focus on the use of a single-molecule 
rolling-circle replication assay (Tanner et al., 2009; Geertsema et al., 2015; Monachino et al., 2018) to 
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study exchange in the multi-protein DNA- replication complex. In this assay, DNA templates are tethered 
to the surface of microfluidic flow cells and stained with fluorescent intercalators to allow the real-time 
visualization of flow-stretched DNA-replication products (Kaur et al., 2019). Simultaneously, we use 
fluorescently labeled replication proteins to detect the dynamics of protein exchange. The three assays 
herein, termed the ‘Chase exchange assay’, the ‘Two-color exchange assay’ and the ‘FRAP exchange 
assay’ have all been employed to examine exchange kinetics of proteins in the DNA replication 
machineries of T7 phage (Geertsema et al., 2014), E. coli (Lewis et al., 2017a; Spenkelink et al., 2019), 
and S. cerevisiae yeast (Lewis et al., 2020).  
These three types of single-molecule exchange assays, although similar in their methodology, each 
provide a unique insight into the mechanisms of protein exchange. Each assay reveals something 
different; the Chase exchange assay detects the unbinding of initially-bound proteins by the 
disappearance of fluorescence. The FRAP exchange assay measures appearance of fluorescence, thereby 
revealing association of proteins with the replisome. The Two-color exchange assay uses two fluorescent 
signals to visualize proteins as they transiently associate and disassociate. When used together they 
provide a comprehensive characterization of exchange kinetics. 
While our examples described in this chapter relate to DNA replication as our biological system of 
choice, the exchange assays could be easily adapted to almost any biological system. Most experimental 
aspects described below are directly applicable to the observation of any process supported by multi-
protein complexes on DNA, while the general approach is broadly applicable to multi-protein complexes 
that can be surface immobilized and observed by single-molecule fluorescence imaging approaches.  
4.2 Materials 
4.2.1 Glass surface functionalization 
1. 24 x 24 mm glass microscope coverslips   
2. Plastic coverslip washing container 
3. 100% anhydrous ethanol 
4. 1 M potassium hydroxide (KOH) 
5. Acetone 
6. (3-Aminopropyl)triethoxysilane (APTES) 
7. Biotin-PEG and MPEG (MW 5,000) bundle (store under N gas at -20 °C). 
8. PEGylation buffer: 100 mM NaHCO3, pH 8.2 (prepare fresh). 
9. Oven (110 °C). 
10. Bath sonicator. 
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11. Compressed nitrogen gas. 
4.2.2 Microfluidic flow-cell device 
1. PDMS mould: metal mould that is laser-engraved with a ridge measuring 0.1 × 0.5 × 19 mm. 
2. Microscope-compatible flow cell holder. 
3. Polydimethylsiloxane. 
4. 184 Silicone Elastomer. 
5. PE60 Tubing (0.76 inner diameter, 1.22 mm outer diameter). 
6. NeutrAvidin protein solution. 
7. PDMS lid cleaning solutions: 0.5 % Triton, 1 M NaHCO3, 70 % ethanol. 
8. Milli-Q water. 
9. Compressed nitrogen gas. 
10. Vacuum desiccator. 
4.2.3 Exchange assay imaging 
1. SYTOX Orange nucleic acid stain 
2. 100 µM dNTP Bundle, mix all 4 equally to make a 25 µM dNTP solution 
3. 100 µM NTP Bundle, mix all 4 equally to make a 25 µM NTP solution 
4. Biotinylated rolling-circle DNA template  
5. Heating block. 
6. Single-molecule (SM) reaction buffer: 30 mM Tris-HCl pH 7.5, 12 mM magnesium acetate, 50 
mM potassium glutamate, 0.5 mM EDTA, 0.0025% Tween20, 0.5 mg/mL BSA (Store at 4 °C) 
7. Blocking solution: 1x SM reaction buffer, 2% Tween20 (Store away from light for up to 2-3 
weeks) 
8. DNA solution: 1x SM reaction buffer, 10 mM dithiothreitol, 1 mM ATP, 150 mM SYTOX Orange, 
20 pM biotinylated rolling-circle DNA template,  
9. Replication solution: 1x SM reaction buffer, 10 mM dithiothreitol, 1 mM ATP, 125 µM dNTPs, 
250 µM NTPs, replication proteins, fluorescent protective reagents. 
10. Typical E. coli replication proteins: 30 nM DnaB6(DnaC)6, 30 nM αεθ pol III core, 10 nM τ3δδ’χψ 
clamp loader complex, 30 nM β2 clamp, 75 nM DnaG, 200 nM SSB.  
11. Fluorescently labeled protein: Any protein can be substituted for its labeled counterpart. In our 
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example experiments, we use pol III core labeled with Alexa Fluor 647 or Alexa Fluor 488 via 
SNAP-tag (Lewis et al., 2017a), and SSB labeled with Alexa Fluor 647 via cysteine-maleimide 
coupling (Spenkelink et al., 2019). 
12. Fluorescence protective reagents: 1 mM UV-aged Trolox, 10 % w/v glucose, 0.45 mg/mL 
glucose oxidase, and 21 μg/mL catalase (These reagents increase the lifetime of the 
fluorophores and reduce blinking). 
13. Single-molecule inverted TIRF microscope: Nikon optical microscope body, 100× TIRF objective 
(N.A. = 1.49, oil), EMCCD camera, heated stage insert, lasers matching the excitation 
wavelength of the fluorophores used (we used 647-nm for Alexa Fluor 647, 488-nm for Alexa 
Fluor 488 and 568-nm for SYTOX Orange), excitation and emission filters appropriate for each 
laser line, DV2 dual view apparatus, SyringeONE syringe pump with 5 mL syringe. 
14. Acquisition software: Nikon Elements Advanced Research 
15. Syringe pump software: SyringePumpPro 
4.2.4 Data analysis 
1. Movie analysis software: ImageJ/FIJI (version 1.52e), with the TrackMate plugin (version 3.6.0) 
(22), as well as custom plugins designed to expedite the analysis process (The plugins are freely 
available on GitHub, https://github.com/SingleMolecule and 
https://github.com/LMSpenkelink/SingleMoleculeReplication). 
2. Data plotting and fitting software: MATLAB 2016b 
4.3 Methods 
4.3.1 Chase exchange assay 
In this section, we describe the experimental details of the Chase exchange assay and explain how it is 
used to visualize protein exchange. Firstly, replication is initiated with a fluorescently labeled protein. 
The reaction solution is then rapidly switched for a solution containing an unlabeled version of the same 
protein. Protein exchange can be identified by a disappearance of the fluorescence signal as unlabeled 
proteins exchange into the replisome. Because of its relative simplicity, this assay is ideal to provide an 
initial characterization of exchange mechanisms. However, discriminating between photobleaching and 
exchange as a cause of signal reduction can be challenging.  
The following Chase exchange assay protocol describes how to prepare the functionalized coverslip, 
assemble the microfluidic device, carry out the fluorescence microscopy, and finally analyze the 
resulting data.  
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4.3.1.1 Glass surface functionalization 
A functionalized glass surface is employed to reduce nonspecific surface interactions and allow specific 
tethering of the DNA replication template within the flow-cell channel. The procedure described here is 
an adapted version of the functionalization method described by Geertsema et al. (2015). In order to 
achieve functionalization, the coverslips are cleaned, the silicon surface covalently bonded to 
aminosilane, which is in turn reacted with succinimidyl polyethylene glycol (PEG). The PEG is a mixture 
of unreactive, methylated PEG and biotinylated PEG that can bind the DNA template via a biotin–
streptavidin–biotin link (Figure 4.1, inset). 
 
 
Figure 4.1. Experimental setup used for the three different single-molecule exchange assays. Reaction solutions 
are loaded into the channel of a microfluidic device by hydrodynamic flow applied via a syringe pump. The 
microfluidic device is positioned on the microscope stage and laser light of a specific excitation wavelength is 
coupled through the microscope objective to illuminate the channel via Total Internal Reflected Fluorescence (TIRF). 
The excited proteins fluoresce at a specific emission wavelength. This signal is captured by an EMCCD camera and 
analysed using custom-built software. (Inset) On the molecular scale, DNA templates are immobilized on the 
surface of the coverslip via a biotin–streptavidin–biotin link and the exchange reaction components are sequentially 
assembled in situ by loading different solutions.  
 
1. Using the plastic washing container, sonicate glass coverslips in anhydrous ethanol for 30 min 
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to liberate any hydrophobic contaminants. Dispose of the ethanol appropriately and rinse the 
coverslips with water. Then sonicate coverslips in 1 M KOH for 30 min to remove any 
hydrophilic contaminants. Dispose of the KOH appropriately and rinse the coverslips again. 
Repeat both the ethanol washing step and KOH washing step. 
2. Prior to silanization, all water needs to be removed by washing 3 times with acetone. Sonicate 
in acetone on the last wash. Prepare the solution of 3-aminopropyl triethoxysilane (Note 1) and 
introduce it to the coverslips. Gently agitate the coverslips by hand or on an orbital shaker for 
10 min, sonicate for 1 min then return them to the shaker for another 10 min. The repeat 
sonication maximizes surface group density and uniformity. Quench the silanization reaction by 
flushing the container with 10–15 volumes of water (Note 2). Dry the silanized coverslips using 
dry compressed N2 gas. 
3. Remove the m-PEG and biotin-PEG from the freezer and allow them to warm to room 
temperature on the benchtop before use (Note 3). Mix the m-PEG and biotin-PEG in a ratio of 
25:1 in the PEGylation buffer and to a final concentration of 0.2 % biotin-PEG (for example, 75 
mg m-PEG and 3 mg biotin-PEG in 500 mL buffer). Swiftly after dissolving the PEG, apply ~50 µL 
to the surface of a coverslip laid flat inside a humidity chamber (Note 4). Place a second 
silanized coverslip on top of the first coverslip to make a ‘coverslip sandwich’ (this conserves 
space and PEG solution). Make more coverslip sandwiches with the remaining silanized 
coverslips. Incubate the coverslips in the humidity chamber for 3 h at room temperature and 
away from light. Rinse the coverslips with water (making note of which is the functionalized 
side; Note 5) and dry with N2 gas. Following that, repeat the PEGylation process with a fresh 
PEG solution so the coverslips become doubly PEGylated. This second batch of coverslip 
sandwiches can be left overnight. Rinse and dry the coverslips again and store them under 
vacuum for up to two weeks. Any longer storage sees degradation in surface passivation. 
4.3.1.2 Constructing a microfluidic flow-cell device 
A microfluidic flow-cell device that is microscope-compatible is essential to assemble the reaction 
components in situ and to provide a continuous solution flow. The flow cell device consists of a 
combination of a functionalized coverslip, an imprinted PDMS lid, and inlet and outlet tubing (Figure 
4.1). 
1. Polydimethylsiloxane (PDMS) is a silicon-based polymer that is generally inert, non-toxic and is 
relatively easy to use to create custom structures. To make our flow cell lid, pour PDMS mixed 
with a silicone-curing agent (1:10 ratio) into a metal mould that is laser-engraved with a ridge 
measuring 0.1 × 0.5 × 19 mm (Note 6). This ridge imprints a channel on the bottom surface of 
the PDMS block (Note 7). Place the PDMS in a vacuum desiccator to remove air bubbles for 1 h, 
and then bake in the oven at 70°C for 2 h. Once set, cut the block from the mould and then 
pierce 0.6 mm diameter holes through the PDMS to connect to each end of the channel. From 
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here, the PDMS block is reusable following a wash procedure (Note 8). 
2. The following step should be done immediately prior to conducting the actual exchange assay. 
Spread 125 µL of 0.2 mg/mL NeutrAvidin solution over a previously functionalized glass 
coverslip and incubate in a humidity chamber at room temperature for 30 min. Rinse and dry 
the coverslip before pressing the PDMS block onto the functionalized side ensuring the seal is 
airtight. To prevent the conjoined coverslip and PDMS block from separating during the 
experiment they are secured within a flow cell holder that is also compatible to fit with the 
microscope stage. To complete the assembly of the flow cell, insert 11 cm inlet and outlet 
tubing halfway into each hole using tweezers. Use a 21-gauge needle and a syringe to slowly 
draw degassed blocking solution into the flow channel and leave for 20 min to further minimize 
non-specific interactions with the surface. Afterwards, the flow cell is ready for use. 
4.3.1.3 Imaging the Chase exchange assay 
The imaging component of the Chase exchange assay involves the use of a single-molecule TIRF (total 
internal reflection fluorescence) microscope to image individual proteins. The imaging can be divided 
into two phases: first, replication is initiated on an anchored rolling-circle DNA template with a 
replication solution that includes a fluorescently labeled protein of interest. Second, at a defined change 
point, the active solution is switched to an identical solution that contains unlabeled proteins. A 
decrease of the initial fluorescence signal after the solution switch indicates that the unlabeled proteins 
have exchanged into the replisome (exchange rate must be faster than the photobleaching rate to be 
detected) (Note 9). 





Figure 4.2. The typical experimental pipeline for each single-molecule exchange assay. (A) Chase exchange assay. 
(top) Schematic representation of the assay. (middle) Simulated kymograph and graph of intensity over time 
showing the expected outcome. The fluorescence signal disappears when unlabeled proteins exchange for the 
existing labeled ones. (bottom) Simulated average intensity over time for a large number of single molecules 
(typically n = 20–40 molecules). The average signal decreases faster than photobleaching occurs. (B) FRAP exchange 
assay. (top) Schematic representation of the assay. (middle) Simulated kymograph and graph of intensity over time 
showing the expected outcome. After each FRAP pulse (indicated by the vertical dashed lines), all the fluorophores 
have bleached. The fluorescence intensity recovers as unbleached proteins exchange into the system. (bottom) 
Simulated averaged normalized intensity over time after a FRAP pulse. This curve can be fit to provide a 
characteristic exchange time. (C) Two-color exchange assay. (top) Schematic representation of the assay. (middle) 
Simulated kymograph and graph of intensity over time showing the expected outcome. The fluorescence intensity 
of the two colors alternates as the proteins exchange. (bottom) Simulated average auto-correlation signal. A single-
exponential fit to the auto correlation can reveal the characteristic time-scale of exchange.  
 
1.   Position the assembled flow cell on the microscope stage. Connect the outlet tubing to a 
syringe pump and leave the inlet tubing in the current reservoir containing the blocking 
solution (Figure 4.1). Turn on the appropriate laser line(s) and TIRF microscope and make sure 
the laser incident angle is at TIRF. Focus the objective to the glass and position the stage to 
ensure that you are viewing the flow-cell channel. 
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2. DNA solution and Replication solution should be prepared in degassed SM reaction buffer to 
prevent air bubbles forming during the experiment.  
3. When the flow cell channel is ready, pause the flow from the syringe pump and pinch the inlet 
tubing (either by hand or bull clip) to transfer it to the DNA solution. Next, rapidly flow (e.g. 
~100 µL/min) DNA solution equal to the volume of the inlet tubing (e.g. 11 cm of PE-60 tubing 
gives ~50 µL) and then flow solution at a slow rate (5-20 µL/min) to allow the DNA template 
molecules to bind the surface (Figure 4.1, inset). Once optimum DNA template density is 
achieved (determined by visualizing the DNA using fluorescent intercalator) transfer the inlet 
tube to the first replication solution containing the fluorescently labeled protein.  
4. Start flowing the first replication solution at a steady rate of 10 µL/min and start the acquisition 
(typical acquisition parameters are 2–6 min length, an exposure time of 200 ms, and a laser 
intensity of 80–800 mW/cm2). Under laser excitation, foci of active proteins should be 
observable as the anchored DNA templates start to replicate (Note 10).  
5. As the experiment is approaching the defined change point, switch the solution to the second 
replication solution (e.g. change point = 3 min, switch at 2 min), accounting for the time it takes 
for the new solution to flow through the inlet tube (flow at 50 µL/min for 50 µL). Then continue 
flowing at the normal rate for the duration of the experiment (Figure 4.2A, top). 
6. Once the experiment is complete, disassemble the flow cell. The coverslip and tubing are 
discarded and the PDMS block is reused after a strict washing procedure (Note 8). 
4.3.1.4 Data quantification 
In order to ascertain whether protein exchange has occurred in the Chase exchange experiment, we 
need to quantify the lifetime of the fluorescently labeled protein at the replication fork and compare 
this to the average photobleaching lifetime of the fluorophore. There are two major steps in the foci 
quantification procedure: first, the raw movie is corrected for background intensity, and second, 
individual foci are tracked over the course of the movie and their intensity measured in each frame. 
We use ImageJ with custom plugins to expedite the analysis process with reproducible speed and 
accuracy. These plugins are specifically made for our type of data; however, the analysis principles of the 
plugins are applicable to all kinds of exchange data potentially captured by the Chase exchange assay. 





Figure 4.3. Data and analysis for each of the three single-molecule exchange assays. (A) Example Chase exchange 
experimental data. (top) Representative kymograph showing Pol III*-AF647 on an individual DNA molecule. The Pol 
III* moves with the direction of flow as the replisome elongates a DNA molecule. Initially visible as bright magenta 
spot, the intensity of the Pol III* signal decreases after the buffer change point. This decrease indicates exchange 
with unlabeled Pol III* has occurred. (bottom) The average intensity of Pol III*-AF647 (n = 280) after the change 
point is clearly decreasing faster than average photobleaching lifetime (n = 296) at the same laser power (colored 
area represents standard deviation; NOTE: previously unpublished data). (B) Example FRAP exchange experimental 
data. (top) A representative kymograph of SSB-AF647 as part of a replicating DNA molecule in a FRAP exchange 
experiment. After each high intensity FRAP pulse all SSB molecules have bleached. The fluorescence intensity 
recovers as unbleached SSB exchanges into the replisome. (bottom) The average recovered intensity of SSB-AF647 
for each time period was fit with (formula 1) to provide a characteristic exchange time. Comparison of exchange 
times across different concentrations of SSB shows a decrease in exchange time as concentration increases (2 nM 
SSB: τ = 20 ± 7 s, N = 20; 10 nM SSB: τ = 10 ± 1 s, N = 24; 20 nM SSB: τ = 5.0 ± 1.8 s, N = 21; 100 nM SSB: τ = 2.9 ± 1.7 
s, N = 18). Adapted from Spenkelink et al. (2019) with permission under the terms of the Creative Commons CC BY 
license. (C) Example Two-color exchange experimental data. (top) Kymograph of two colors of Pol III* (magenta = 
AF647 labeled and green = AF488 labeled) shows polymerases are stochastically exchanged at the fork of a 
replicating DNA molecule. Quantifying the intensity of each color of Pol III* reveals they are sometimes exchanged 
but also sometimes colocalized. Adapted from Lewis et al. (2017a) with permission under the terms of the Creative 
Commons Attribution License. 
 
1. Open the movie in ImageJ and convert the stack to 32 bits to preserve data quality. To 
background correct the image stack, first create a beam profile image by averaging the whole 
stack and then applying a smoothing Gaussian filter with a large sigma value (e.g. sigma = 80; or 
until the image shows a uniform profile). Correct each frame of the stack by first subtracting 
the camera electronic offset value for each pixel, and then dividing the whole frame by the 
normalized beam profile image.  
2. Next, draw a region of interest (ROI) box around the target molecule and use the TrackMate 
plugin (Tinevez et al., 2017) to track this focus spatially through the movie. Use the TrackMate 
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output to create a ROI centered about the molecule for each frame and add these ROIs to the 
ROI manager. For each ROI, integrate the pixel intensity and subtract the local background 
generated by integrating the intensity of an ROI twice the size. Save the measured intensity 
values and then plot the intensity over time for that particular focus in MATLAB (or your 
preferred graphing software) (Figure 4.2A, middle and Figure 4.3A, top). 
3. Repeat the signal quantification for all target foci and then create an averaged graph of 
intensity over time. This is representation of the average lifetime of the fluorescently labeled 
proteins and any decrease after the defined change point is indicative of protein exchange. 
4. To further validate this experiment, the average fluorescent lifetime measurement can be 
compared to the average photobleaching lifetime calculated in the same way and under 
identical conditions.  
5. In the presence of protein exchange, the active labeled protein lifetime should be significantly 
different from the photobleaching lifetime after the defined change point (Figure 4.2A, bottom 
and Figure 4.3A, bottom). For a more quantitative determination of the exchange rate, see the 
FRAP exchange assay in sub-section 3.2.  
4.3.2 FRAP exchange assay 
The classical ensemble-averaging approach to FRAP (Fluorescence Recovery After Photobleaching) 
involve purposely bleaching a sample with high laser intensity and using the recovery of fluorescence as 
a reporter of diffusion kinetics (Axelrod et al., 1976). We adapted the FRAP concept to the single-
molecule scale to quantify exchange rates for individual multi-protein complexes. By bleaching the 
fluorescence signal of single protein molecules, we can monitor the recovery of the fluorescence signal 
as unbleached proteins from solution exchange for the bleached proteins. 
In this section, we detail the technical steps involved in the FRAP exchange assay. Please note the FRAP 
exchange assay uses the same surface functionalization method as described in 3.1.1 and the same 
design of the microfluidic flow cell device as described in 3.1.2. We use SSB exchange during DNA 
replication as an example, however, like the other exchange assays stated in this chapter, this assay has 
the potential for broader application. 
4.3.2.1 Imaging the FRAP exchange assay 
The FRAP exchange assay is considered relatively accessible, as only the imaging steps are different 
compared to the Chase assay, and no requirements are placed on the availability of additional reagents 
(e.g. labeled proteins). Similar to the other assays in this chapter, replication is initiated, and imaging 
begins. Subsequently, at a specified time point, a FRAP pulse of high laser power is used to purposely 
bleach all fluorescent proteins in the field of view (Figure 4.2B, top). Any recovered fluorescence 
observed thereafter is a direct result of exchange. 
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1. Position the blocked flow cell on the microscope stage and focus the objective up to the glass 
to view the channel. Define appropriate imaging parameters including the parameters that 
describe the FRAP pulse (typical parameters: 2–6 min length, 200 ms exposure, 80–800 
mW/cm2 laser intensity for visualization, with FRAP pulses of 300 W/cm2 for 5 seconds every 30 
s; Note 11).  
2. Prepare the DNA solution and Replication solution in degassed buffer. When the channel is 
ready, introduce the DNA solution to the channel by first rapidly flowing (e.g. ~100 µL/min), 
then flowing at a slow rate (e.g. 5–20 µL/min). Once optimum DNA template density is 
achieved, initiate the replication reaction. 
3. In contrast to the Chase exchange assay in which a constant laser intensity is used, the laser 
intensity is periodically increased to rapidly photobleach all fluorescence in the field of view. 
Exchange can be observed as a recovery of the fluorescence signal (Figure 4.2B, middle). Start 
the imaging procedure. Single SSBs should be observable as the anchored DNA templates are 
replicated. If SSB exchange is relatively frequent, then more frequent FRAP pulses can be 
applied in one experiment to increase the amount of available exchange data (Figure 4.3A, 
top). 
4. Leave the imaging sequence to complete and then disassemble the flow cell.  
4.3.2.2 Data quantification 
The output of the FRAP exchange assay is easily quantified as it follows the same principles of 
conventional FRAP experiments. The averaged recovery intensity signal can be fitted with an 
exponential function to derive the characteristic exchange constant. 
1. Use ImageJ to correct the image stack the same as 3.1.4-step 1. 
2. Identify foci of interest and use the same protocol as 3.1.4-step 2 to calculate the intensity over 
time for each focus (the bleached, dark period of each focus should still be measured).  
3. Create an averaged trace of recovered intensity over time by synchronizing multiple signals to 
the end of the pulse. Fit the averaged recovery curve with a FRAP recovery function correcting 
for photobleaching (formula 1, where τ is the characteristic exchange time and tb is the 
photobleaching lifetime) (Figure 4.2B, bottom and Figure 4.3B, bottom). Evaluating the 
goodness of fit of the function to the data will provide the error of the derived measurement. 
𝐼𝐼(𝑡𝑡) = 𝑎𝑎𝑒𝑒
− 𝑡𝑡𝑡𝑡𝑏𝑏 + (1 − 𝑒𝑒−
𝑡𝑡
𝜏𝜏)  formula 1 
4.3.3 Two-color exchange assay 
Similar to the Chase exchange assay, the two-color exchange assay also utilizes single-molecule 
fluorescence to visualize exchange of proteins in biological systems. In this case, exchange is detected 
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when a fluorescently labeled protein is substituted for a protein labeled with a spectrally different 
fluorophore (Figure 4.2C, top). Unlike the Chase exchange assay, this method detects exchange as it 
occurs stochastically and is not reliant on a change in solution conditions. 
This section describes the protocol to complete the Two-color exchange assay. The assay uses the same 
surface functionalization method as described in 3.1.1 and the same design of the microfluidic flow-cell 
device as described in 3.1.2. Our technical description is based on polymerase exchange (8), although 
the two-color exchange assay has an array of potential applications. 
4.3.3.1 Imaging the Two-color exchange assay 
In contrast to the Chase exchange assay, the Two-color exchange assay only has one phase. The reaction 
solution and imaging parameters, however, are more intricate. To begin the experiment, replication is 
initiated on an anchored DNA template with a replication solution that includes equal concentration of 
two colors of labeled polymerases. The corresponding two laser lines must be used to image both 
proteins simultaneously. During the experiment, as the two colors of polymerase exchange 
stochastically, there should be an obvious anti-correlation in the intensities (Figure 4.2C, middle) (the 
exchange rate must be slower than the frame rate to be detected). 
1. Position the blocked flow cell on the microscope stage and focus the objective up to the glass 
to view the channel (Figure 4.1). Define appropriate imaging parameters to capture data from 
two emission sources (Note 12).  
2. Prepare the DNA solution and Replication solution in degassed SM reaction buffer. When the 
channel is ready, introduce the DNA solution to the channel by first rapidly flowing (E.g. ~100 
µL/min), then flowing at a slow rate (E.g. 5-20 µL/min). Once optimum DNA template density is 
achieved, start flowing the replication solution to initiate the reaction (Figure 4.1, inset). 
3. Start the imaging procedure with the defined parameters (typical parameters:  2–6 min length, 
exposure time 200 ms, 80–800 mW/cm2 intensity for each laser). Single polymerases in each 
color should be observable as the anchored DNA template are replicated (Figure 4.3C, top). 
Allow the imaging sequence to complete and then disassemble the flow cell. 
4.3.3.2 Data quantification 
It might be clear by eye when exchange has occurred in the two-color exchange experiment. To quantify 
this behavior more accurately we need to compare the signal intensities of two differently colored 
proteins colocalized at the same replication event. The analysis procedure to obtain signal intensity 
values is the same as the Chase exchange assay (3.1.4), with one exception: Each laser line generates its 
own beam profile, and therefore the correction needs to be applied separately to each color. 
1. Use ImageJ to correct the image stack the same as 3.1.4-step 1. 
2. Identify colocalized foci of interest and use the same protocol as 3.1.4-step 2 to calculate the 
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intensity over time for each focus in each color. 
3. Plot the intensity signal of both colors of one molecule on the same graph. If there is 
interrelated changes in each color’s signal, then this is characteristic of protein exchange 
(Figure 4.2C, middle and Figure 4.3C, bottom).  
4. Cross-correlation analysis can accurately identify the existence of exchange. Depending on 
signal quality, it can also potentially derive the characteristic exchange time as a function of 
one exchange event relative to another (Figure 4.2C, bottom). 
4.4 Notes 
1. The 3-aminopropyl triethoxysilane reagent is highly sensitive and should only be used for a few 
days after opening; store in dehumidified desiccator at room temperature; we find Alfa Aesar 
or Sigma suppliers provide a high quality product). 
2. The silane solution should be gone once excessive bubbles no longer form in the water. 
3. Water from any condensation will hydrolyze part of the PEG and consequently hinder proper 
functionalization. 
4. A humidity chamber is easily created from an Eppendorf tube rack with wells half-filled with 
water and a lid. 
5. The coverslip sandwiches can be tricky to separate, is best done with tweezers, and gloved 
hands. 
6. The PDMS and curing agent need to be mixed very well (vigorously stir for >3 min) to ensure 
uniform curing of the PDMS. 
7. If multiple channels are imprinted side-by-side in the one PDMS block then multiple single-
molecule experiments can be carried out in quick succession. 
8. Once the single-molecule imaging is complete, the PDMS lid can be cleaned for future reuse. 
This is done by sonicating for 20 min with 0.5 % Triton, followed by 20 min with 1 M NaHCO3, 
and finally 20 min in 70 % ethanol. In between each step, the PDMS lid is washed 2–3 times 
with Milli-Q water. After the final wash, the PDMS lid is dried with compressed air and stored. 
9. If the situation suits, the opposite experiment can be done where replication is initiated with 
unlabeled protein and switched for labeled protein. In this case, we are looking for the 
appearance of signal to indicate exchange has occurred. 
10. Depending on the success of the blocking step, there may be some single-molecules of your 
fluorescent protein non-specifically bound to the surface. Some non-specific binding is 
acceptable, however, as long as active molecules can still be detected amongst the noise. 
11. The FRAP pulse should bleach the entire field of view in a few seconds. Hence, the time and 
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intensity need to be carefully chosen. Overexposure will result in extra-unwanted reactive 
oxygen species in the reaction solution. Some trial and error experiments may help determine 
the best parameters. 
12. We chose to image two colors by using a Dual-view device to direct light from each color onto 
separate halves of the camera chip. This means that the data from each color are perfectly 
correlated in time. Alternatively, if you are not so concerned with time correlation, you can 
rapidly switch between laser lines and filter sets. Although not correlated in time it provides a 
larger detectable field of view.   
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In Escherichia coli, the DnaB helicase forms the basis for the assembly of the DNA replication complex. 
The stability of DnaB at the replication fork is likely important for successful replication initiation and 
progression. Single-molecule experiments have significantly changed the classical model of highly 
stable replication machines by showing that components exchange with free molecules from the 
environment. However, due to technical limitations, accurate assessments of DnaB stability in the 
context of replication are lacking. Using in vitro fluorescence single-molecule imaging, we visualise 
DnaB loaded on forked DNA templates. That these helicases are highly stable at replication forks, 
indicated by their observed dwell time of ~30 min. Addition of the remaining replication factors 
results in a single DnaB helicase integrated as part of an active replisome. In contrast to the dynamic 
behaviour of other replisome components, DnaB is maintained within the replisome for the entirety 
of the replication process. Interestingly, we observe a transient interaction of additional helicases 
with the replication fork. This interaction is dependent on the τ subunit of the clamp-loader complex. 
Collectively, our single-molecule observations solidify the role of the DnaB helicase as the stable 
anchor of the replisome, but also reveal its capacity for dynamic interactions. 
Contributions 
This Chapter describes the use of the single-molecule methods developed in Chapter 2 and Chapter 3 to 
characterise new activities of the DnaB helicase during E. coli DNA replication. The results have 
implications for how the replisome remains stably associated at the DNA fork and processively 
duplicates the genome.  
I carried out all the experimental procedures of this study aside from the expression and purification of 
proteins. I also analysed all the data, compiled all the results, and drafted the manuscript. 
  




All living organisms depend on the accurate duplication of their genomic DNA to ensure their survival. In 
every domain of life, this intricate process is fulfilled by a set of co-evolved enzymes collectively known 
as the replisome. In the model bacterium Escherichia coli, the replisome (Figure 5.1) consists of twelve 
separate proteins that assemble on DNA and combine their actions to faithfully copy the circular 
chromosome (reviewed in Lewis et al. (2016). The replicative helicase DnaB plays a key role within the 
replisome. It is a homo-hexameric, RecA-like ATPase (Leipe et al., 2000) that encircles single-stranded 
(ss) DNA, on which it hydrolyses ATP or other rNTPs to drive its translocation in the 5’–3’ direction. DnaB 
unwinds the parental double-stranded (ds) DNA and thereby provides the ssDNA templates for DNA 
polymerase and primase activity. During replication initiation, the loading of DnaB at the replication 
origin (oriC) is observed as the key determinant in replisome assembly (reviewed in Chodavarapu and 
Kaguni (2016). In order to be loaded, DnaB must form a tight complex with its helicase-loader protein 
DnaC, and then be recruited to oriC by the DnaA initiator protein. The DnaC helicase loader destabilises 
the DnaB hexamer and forms with it a three-tiered, right-handed cracked-ring structure that enables 
deposition of the helicase onto ssDNA (Chodavarapu et al., 2016; Felczak et al., 2017; Tinevez et al., 
2017). Once loaded, the hexameric helicase presents sites for up to two DnaG primase molecules to 
interact, leading to subsequent ejection of DnaC (Makowska-Grzyska and Kaguni, 2010). During 
replication, two or three helicase-bound primase molecules cooperate to produce short RNA primers 
required for initiation of DNA polymerase activity (Lu et al., 1996; Corn et al., 2005). The DNA 
polymerase III holoenzyme (Pol III HE) is the replicase responsible for engaging the primers on both the 
leading and lagging strands and extending them into new DNA. Pol III HE consists of three sub-
assemblies: the αεθ polymerase III core, the clamp loader complex (CLC) and the β2 processivity clamp 
(Kelman and O'Donnell, 1995). The CLC hydrolyses ATP to load the β2 clamp onto DNA, which in turn 
stabilises the Pol III core while it synthesises DNA (Leu et al., 2000; Dohrmann and McHenry, 2005; Jergic 
et al., 2013). The CLC also acts as the physical bridge between the Pol III cores and DnaB helicase 
through its multiple τ subunits (Gao and McHenry, 2001a, a; Jergic et al., 2007). 
 





Figure 5.1. Schematic representation of the architecture of the E. coli replisome. The DnaB helicase enables the 
progression of the replisome as it unwinds double-stranded DNA. DnaG primase synthesises short RNA primers 
(shown in red) on the single-stranded DNA template. The clamp-loader complex (CLC; consisting of δ, δ', ψ, χ and 
three τ) loads the β2 sliding clamp and the αεθ polymerase III core onto newly primed sites. The core then 
synthesises new DNA on both template strands. DNA synthesis occurs continuously on the leading strand and 
discontinuously on the lagging strand. The CLC tethers the polymerase to the helicase via one τ subunit. Single-
stranded DNA-binding protein (SSB) coats and protects the transiently exposed DNA on the lagging strand. 
 
The E. coli replisome is able to duplicate the entire 4.6 Mbp chromosome with high speed and accuracy 
(Drake et al., 1969; Chandler et al., 1975). Due to the complex network of strong and weak interactions 
within the replisome, the nature of the interactions and how they permit the replisome to coordinate its 
various enzymatic activities are still not fully understood. The DnaB helicase, however, is generally 
acknowledged as the key for orchestrating the formation of the multi-enzyme replisomal complex at the 
replication fork. Consequently, the stability of the replicative helicase at the fork is likely an important 
parameter underlying successful replication initiation and processive fork progression. To date, DnaB 
stability during replication has only been substantiated to a limited extent through studies into DnaB 
binding kinetics, unwinding analysis and helicase structures in various states (reviewed in Perera et al. 
(2019).  
In vivo single-molecule studies have characterised the average stoichiometry of DnaB at the fork (Reyes-
Lamothe et al., 2010; Beattie et al., 2017; Mangiameli et al., 2017). One of these studies estimates the 
lifetime of DnaB at the fork to be on the order of 15 min (Beattie et al., 2017). In a similar scenario, 
several ensemble in vivo studies of replication fork stalling infer the stability of DnaB after stalling to be 
between 5 and 30 min (Maisnier-Patin et al., 2001; Labib and Hodgson, 2007; Pomerantz and O'Donnell, 
2010; Mettrick and Grainge, 2016). Due to the nature of these in vivo methods, technical limitations 
prevent accurate detection of DnaB stability. It is clear that DnaB remains at the fork longer than other 
replisome components, but the exact stability of the helicase during loading and replication is still 
uncertain. 
Recently, single-molecule studies have revealed the ability of many replisome components to exchange 
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with equivalent molecules in the surrounding environment (Loparo et al., 2011; Geertsema et al., 2014; 
Beattie et al., 2017; Lewis et al., 2017a; Li et al., 2019; Spenkelink et al., 2019; Lewis et al., 2020). 
Specifically, the E. coli replicative polymerases were shown to rapidly exchange in a concentration-
dependent manner (Lewis et al., 2017a). Similar behaviour was observed for the single-stranded DNA-
binding protein (SSB) that is carried with the replisome (Spenkelink et al., 2019). This emerging picture 
of plasticity in DNA replication portrays the replisome as a multi-faceted machine capable of sampling 
parallel reaction pathways to fulfil its goal (Scherr et al., 2018; Mueller et al., 2019). In light of these 
observations of the rapid dynamics of many replisome components, it could be inferred that the 
integrity of the replisome is linked to the stability of the DnaB helicase. It is tempting to speculate about 
an alternative scenario — that DnaB might also have the capability for dynamic exchange, and thus the 
entire replisome would be in a constant state of flux. 
To assess the stability of the DnaB helicase in the context of replication, we use single-molecule assays 
to directly visualise individual helicases during DNA replication. In an in vitro reconstituted system, we 
use fluorescently labelled DnaB to allow us to monitor helicase behaviour in real time. We find that the 
active DnaB helicase remains stably associated even in the presence of a large excess of free DnaB 
molecules. Interestingly, additional helicases do transiently interact with the replisome. This transient 
interaction is enabled through the τ subunit of Pol III HE. In contrast to the dynamic behaviour of other 
replisome components, our results explicitly demonstrate that DnaB acts as a stable anchor within the 
replisome, thereby providing the interaction platform necessary to maintain replisome integrity 
throughout the processive replication of the bacterial chromosome.  
5.2 Materials and methods 
5.2.1 Replication proteins 
E. coli DNA replication proteins were produced from E. coli expression strains using genes from E. coli 
K12 strains as described previously: the β2 sliding clamp (Oakley et al., 2003); SSB (Mason et al., 2013); 
DnaG primase (Stamford et al., 1992); Pol III αεθ core (Lewis et al., 2017a); and the Pol III clamp loader 
complexes τ3δδ’ψχ, τ2γ1δδ’ψχ, τ1γ2δδ’ψχ (38), and γ3δδ’ψχ (Dohrmann and McHenry, 2005). DnaB6, 
DnaC and the DnaB6(DnaC)6 helicase–loader complex were produced through a new and more effective 
method. The overexpression and purification steps of this method are detailed in Supplementary 
Methods and Supplementary Figure 5.S1. Concentrations of DnaB6, DnaC and the DnaB6(DnaC)6 complex 
were determined using the Quick Start Bradford Dye Reagent (Bio-Rad). 
5.2.2 Production of DnaB6-H201C 
The dnaB H201C mutation (Supplementary Figure 5.S2) was made by a two-step overlap extension PCR, 
with internal mutagenic primers 578/H201C/F (5′-GCAGCCATGCGATGGCGTTACCGGGG) and 
579/H201C/R (5′-GCCATCGCATGGCTGCTGAAACAACTG) and external primers 299 (5′-
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TGGGTGATCTTCAACTGG) and 300 (5′-TGTTCACGGGCAATACG). Plasmid DNA of pSB958 encoding wild-
type DnaB (Supplementary Figure 5.S1) was used as template; this plasmid contains a synthetic E. coli 
dnaCB operon in a pCE30 derivative (Elvin et al., 1990), with a unique NdeI site at the start codon of 
dnaB. Primer 299 is located upstream of the dnaB gene and 300 is inside dnaB, beyond a unique NcoI 
site. The final PCR product was cleaned up using a QIAquick PCR Purification Kit (Qiagen), digested with 
NdeI and NcoI, and the digested product used to replace the corresponding NdeI–NcoI fragment of 
pSB958. The nucleotide sequence of the inserted fragment in the resulting plasmid pZX1548 confirmed 
the presence of the H201C mutation and the absence of other mutations. Expression and purification of 
DnaB6-H201C was carried out in the same manner as the wild-type DnaB6 helicase (Supplementary 
Methods). 
5.2.3 Labelling of DnaB6-H201C 
The labelling methods described are based on a published procedure (Kim et al., 2008). DnaB6-H201C 
was labelled with Alexa Fluor 647 (Invitrogen) by solid-state labelling followed by multiple rounds of 
ammonium sulphate washing. First, 2 mg of DnaB6-H201C was reduced by adding 15 mM additional 
fresh dithiothreitol (DTT) to the existing buffer. The protein was then precipitated by gradual addition of 
solid ammonium sulphate (0.45 g ml–1), centrifuged (21,000 x g; 20 min) and the supernatant carefully 
removed. The protein was washed with 1 ml ice-cold labelling buffer (30 mM Tris-HCl pH 6.8, 100 mM 
NaCl, 0.5 mM EDTA, 10 mM MgCl2, 100 mM ADP) + 70% (w/v) ammonium sulphate that is now devoid of 
reducing agent and has been extensively degassed by sonication and deoxygenated with N2 gas. The 
protein was centrifuged again (21,000 x g; 20 min) and the pellet resuspended in 1 ml labelling buffer + 
70% (w/v) ammonium sulphate + 0.95 mg AF647-maleimide dye (dissolved in 30 µl DMSO immediately 
before use; 20:1 molar ratio of dye to cysteine). The reaction was allowed to proceed by rotating gently 
overnight at 6°C in the dark. DnaB6-H201C–AF647 was separated from excess dye by centrifugation of 
the solution (21,000 x g; 20 min) and then washing the protein with 1 ml labelling buffer + 70% w/v 
ammonium sulphate + 4 mM DTT. The wash steps were repeated 15 times until no more dye remained 
in the supernatant. DnaB6-H201C–AF647 was dialysed into storage buffer (labelling buffer + 4 mM DTT, 
20% v/v glycerol). The purity was confirmed by SDS-PAGE and the degree of labelling was determined by 
to be 3–4 dyes per DnaB hexamer by detection of single-molecule photobleaching steps (see Data 
analysis). 
DnaB6-H201C was also labelled with Alexa Fluor 488 (Invitrogen) by solid-state labelling followed by 
column chromatography and ammonium sulphate washing (procedure modified to improve protein 
yield). The labelling procedure was the same as above until the purification steps. After the reaction was 
complete, DnaB6-H201C–AF488 was separated from excess dye by centrifugation (21,000 x g; 20 min) 
and resuspended in 1 ml storage buffer. To remove the remaining dye, the labelled protein was applied 
at 1 ml min–1 to a column (1.5 × 10 cm) of Sephadex G-25 (GE Healthcare) equilibrated in storage buffer. 
Fractions containing DnaB6-H201C–AF488 were pooled, purity confirmed by SDS-PAGE (Supplementary 
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Figure 5.S3) and the degree of labelling determined to be 2–3 dyes per DnaB hexamer as above. 
5.2.4 Ensemble replication assay of DnaB activity 
Both Alexa Fluor 647- and Alexa Fluor 488-labelled DnaB6, now referred to as DnaB6(red) and 
DnaB6(blue) respectively, were tested for their activity in a bulk solution-phase leading-strand 
replication assay measuring the duplication of a flap-primed single-stranded M13 DNA template (Lewis 
et al., 2017a). First, the primed ssDNA template was made by annealing M13mp18 ssDNA (Guild 
BioSciences) with a 66-mer (IDT) oligonucleotide consisting of a 30-nt complementary segment. Each 
replication reaction contained 2.5 nM primed DNA template, 90 nM αεθ core, 30 nM τ3δδ’ψχ clamp 
loader, 200 nM β2 clamp, 60 nM DnaB6(red) or DnaB6(blue) and 315 nM DnaC in bulk replication buffer 
(30 mM Tris-HCl pH 7.6, 12 mM magnesium acetate, 50 mM potassium glutamate, 0.5 mM EDTA, 
0.0025% v/v Tween20, 1 mM ATP, 10 mM DTT, 100 µM of each dNTP) in a final volume of 10 µl. All the 
reaction components were mixed (except for DNA) and cooled on ice before the reaction was initiated 
by adding DNA and moving to 30°C. After 10 min the reaction was stopped by addition of 10 µl heated 
quench buffer (200 mM EDTA, 2% w/v SDS, 1x DNA loading dye mix). The quenched mixtures were 
loaded into a 0.7% (w/v) agarose gel in TAE running buffer (160 mM Tris base pH 8.2, 80 mM acetic acid, 
2 mM EDTA). DNA products were separated by electrophoresis for 100 min at 75 V, then stained with 
SYBR Gold and visualised by UV light on a Gel Doc XR (Bio-Rad). 
Using this ensemble replication assay, DnaB6(red) and DnaB6(blue) were shown to support DNA 
replication as compared to WT DnaB6 and inactive DnaB6 (inactive DnaB6 comes from a bad preparation 
of this protein) (Supplementary Figure 5.S3). Each labelled DnaB helicase proved capable of promoting 
DNA replication. 
5.2.5 Single-molecule DnaB-loading assay 
Microfluidic flow-cell devices were prepared as previously described (Geertsema et al., 2015; Spinks et 
al., 2021b). Briefly, a flow chamber was created by adhering a PDMS block with an indented channel to a 
functionalised biotin (Laysan Bio) coverslip. To reduce non-specific interactions with the surface during 
the experiment, the flow chamber was injected with degassed blocking buffer (50 mM Tris-HCl pH 7.6, 
100 mM NaCl, 2% w/v Tween20) and incubated for 30–60 min. The flow-cell device was mounted on an 
inverted TIRF microscope (Nikon Eclipse Ti-E), with an electrically heated stage (31°C; Okolab), a 100x 
TIRF objective (NA = 1.49, oil, Nikon), and connected syringe pump (Adelab Scientific). 
The conditions used to measure DnaB loading were modified from previously described single-molecule 
replication experiments (Tanner et al., 2008; Lewis et al., 2017a; Spenkelink et al., 2019; Spinks et al., 
2021b). Construction of a 2030-bp rolling-circle DNA template with controlled fork topology has been 
described previously (Monachino et al., 2018). The loading solution contained 4 nM DnaB6(red), 21 nM 
DnaC and 20 pM rolling-circle DNA template (components preloaded in situ by incubating in 20 µl for 5 
min at 37°C) in 150 µl degassed single-molecule loading buffer (30 mM Tris-HCl pH 7.6, 12 mM 
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magnesium acetate, 50 mM potassium glutamate, 0.5 mM EDTA, 0.0025% w/v Tween20, 0.5 mg ml–1 
BSA, 1 mM ATP, 10 mM DTT, 150 nM SYTOX Orange (Invitrogen)). The loading solution was injected into 
the blocked flow chamber at 100 µl min−1 for 1 min and then at 5 µl min−1 for 10 min. 
To detect DnaB loaded onto DNA, the SYTOX Orange-stained rolling-circle DNA template was visualised 
in real time with either a 514-nm (Coherent, Sapphire 514-150 CW) or 568-nm laser (Coherent, Sapphire 
568-200 CW) at 400 mW cm−2 for 1 s once every 30 s. The DnaB6(red) protein was visualised by constant 
excitation with a 647-nm laser (Coherent, Obis 647-100 CW) at 80 mW cm−2. The fluorescence signals 
were captured with an EMCCD camera (Evolve delta, Photometrix) with appropriate filter sets (Chroma). 
DnaB loading was identified by colocalisation of DNA foci with DnaB6(red) foci to within 2 pixels (see 
Data analysis). In the loaded-DnaB stability experiments, the injection of the loading solution was 
followed by injection of single-molecule loading buffer at 100 µl min−1 for 1 min and then at 10 µl min–1 
for 35 min. DNA was excited in a similar manner as the loading experiment; however, DnaB6(red) was 
excited in intervals of 400 ms once every 8 s to significantly extend the lifetime of the fluorophores to 
approximately 60 min (Supplementary Figure 5.S4). 
5.2.6 Single-molecule rolling-circle replication assay 
Preloaded conditions: This replication assay used the same microfluidic flow-cell devices described 
above as well as the same DnaB-loading step, followed by a replication step that was adapted from 
existing methods (Tanner et al., 2008; Lewis et al., 2017a; Spenkelink et al., 2019; Spinks et al., 2021b). 
In preloaded DnaB experiments, the replication solution contained 10 nM Pol III αεθ core, 3.3 nM 
τ3δδ’ψχ clamp loader (i.e., Pol III* assembled in situ from clamp loader and cores in 4 µl for 90 s at 
37°C), 30 nM β2 clamp, 75 nM DnaG and 20 nM SSB4 in single-molecule replication buffer (single-
molecule loading buffer + 250 µM of each dNTP, 250 µM of each NTP, 1 mM UV-aged Trolox, 0.8% w/v 
glucose, 0.12 mg ml–1 glucose oxidase and 12 µg ml–1 catalase). Replication was initiated by injecting the 
replication solution into a flow chamber containing immobilised rolling-circle DNA templates at 100 µl 
min−1 for 1 min and then at 10 µl min−1 for 10 min. DNA and DnaB6(red) were visualised using the same 
conditions as the Single-molecule loading assay for a period of 10 min. 
In-solution conditions: For the in-solution DnaB6(red) experiments, 2 nM DnaB6(red) was added to the 
replication solution. DnaC is not present here. 
Chase conditions: For the WT DnaB6 chase experiments, 30 nM WT DnaB6 was added to the replication 
solution. The preloaded DnaB6(red) fluorescence lifetime was extended by exciting intermittently for 
400 ms once every 800 ms. For the DnaB6(blue) chase experiments, 2 nM DnaB6(blue) was added to the 
replication solution. DnaB6(blue) was visualised by excitation with a 488-nm laser (Coherent, Sapphire 
488-200 CW) at 4500 mW cm−2.  
Fluorescence recovery after photobleaching (FRAP) conditions: For the DnaB6(red) FRAP experiments, 2 
nM DnaB6(red) was added to the replication solution and after 2 min of imaging replication, a 647-nm 
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FRAP pulse at 240 W cm–2 for 5 s was used to bleach all of the DnaB6(red) foci in the field of view. 
Recovery of any foci was recorded over the following 4 min. 
5.2.7 Stationary replisome association assay 
The single-molecule replisome association assay was designed to detect the frequency with which free 
DnaB molecules interact with the replisome. This assay was identical to the DnaB6(blue) chase 
experiments, except for the replication/association step. In these experiments, dATP and dTTP were 
omitted. The remaining dCTP and dGTP are the next three nucleotides to be incorporated at the primer–
template junction and thus keep the Pol III core bound in either the polymerization or proofreading 
mode and not synthesizing new DNA (Supplementary Figure 5.S5). This technique has previously been 
applied to pre-assemble the whole replisome prior to replication (Yao et al., 2009; Tanner et al., 2011; 
Lewis et al., 2017a), and to direct Pol III core towards the polymerisation or proofreading mode (Park et 
al., 2018).  
Therefore, in the whole replisome experiments, DnaB association was observed after injecting the 
association solution (replication solution without dATP or dTTP + 2 nM DnaB6(blue)) into a flow chamber 
containing immobilised rolling-circle DNA templates at 100 µl min−1 for 1 min and then at 10 µl min−1 for 
10 min. As with the DnaB6(blue) chase experiments, this experiment was imaged by switching between 
DnaB6(red) and DnaB6(blue), and SYTOX Orange stained DNA was imaged once every 30 s for a total of 
10 min. When indicated, replisome components were omitted to test their effect on the DnaB binding 
frequency.  
5.2.8 Data analysis 
All analyses were carried out using ImageJ/Fiji (1.51e) and MATLAB 2016b, and in-house built plugins. 
Many of these processes are detailed elsewhere (Geertsema et al., 2015; Spinks et al., 2021b). 
Quantification of degree of labelling: The numbers of fluorophores per labelled DnaB6(red) and 
DnaB6(blue) were quantified by immobilisation of DnaB6 from a 20 pM solution in replication buffer on 
the surface of a cleaned microscope coverslip. Imaging was done by exciting constantly at 2400 mW cm–
2 for 5 min to allow photobleaching of the fluorophores. Raw movies were corrected for the electronic 
offset and excitation-beam profile. Single molecules of labelled DnaB6 were identified using our peak 
fitter tool and the photobleaching steps were fit using change-point analysis (Supplementary Figure 
5.S6A and D) (Watkins and Yang, 2005; Duderstadt et al., 2016; Hill et al., 2018). The histogram of steps 
per molecule was fit to a Poisson distribution (Supplementary Figure 5.S6C and F). The degree of 
labelling was found to be 3–4 dyes (Poisson mean parameter, λ = 3.50; number of observations, n = 260) 
and 2–3 dyes (λ = 2.52; n = 181) per hexamer of DnaB6(red) and DnaB6(blue), respectively. 
Determination of stoichiometry: The number of labelled DnaB6 molecules (during the loading step or at 
actively replicating replisomes) was calculated by dividing their initial intensities by the intensity of a 
single fluorophore and correcting for the pre-determined degree of labelling. The average intensity per 
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fluorophore was quantified by detecting photobleaching steps in labelled DnaB6 non-specifically bound 
to the surface (Supplementary Figure 5.S6B and E). The integrated intensity for every fluorescent DnaB 
in a field of view was calculated after applying a local background subtraction. The histograms obtained 
were fit with a Gaussian distribution function to give the average intensity.  
Colocalisation analysis: Foci of two separate colours were classed as being colocalised if their centroid 
positions (determined using our peak fitter tool) fell within 2 pixels of each other. The chance of 
coincidental colocalisation (C) was calculated using Equation 1, where AR is the focus area, AFOV is the 
field of view area, and n is the number of foci. 
𝐶𝐶 = 𝐴𝐴𝑅𝑅
𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹
∗ 𝑛𝑛           (1) 
FRAP recovery analysis: To obtain the characteristic exchange time τ from the FRAP experiments, the 
intensity of DnaB was tracked as a function of time. The data were fit with a FRAP recovery function 
correcting for photobleaching (Beattie et al., 2017; Lewis et al., 2017a; Spenkelink et al., 2019; 
Monachino et al., 2020) (Equation 2, where a is the amplitude of photobleaching, τb is the 
photobleaching time, and I0 is the number of DnaB at the fork at steady state). 
𝐼𝐼 = 𝑎𝑎 ∗ 𝑒𝑒
− 𝑡𝑡𝜏𝜏𝑏𝑏 + 𝐼𝐼0 �1 − 𝑒𝑒
−𝑡𝑡𝜏𝜏�         (2) 
DnaB association frequency analysis: The characteristic timescales of the DnaB dynamics were extracted 
by tracking the fluorescence intensity of DnaB6(blue) over time. A threshold was determined for each 
intensity trajectory equivalent to the intensity of half a DnaB6(blue) molecule. The binding frequency 
was defined as the number of times per minute where the intensity exceeded the threshold. 
5.3 Results 
5.3.1 Single-molecule visualisation of DnaB helicase dynamics 
Previous studies have established single-molecule fluorescence methods to monitor reconstituted 
replisomes during in vitro DNA replication (Tanner et al., 2009; Yao et al., 2009; Georgescu et al., 2011; 
Tanner et al., 2011; Geertsema et al., 2014; Georgescu et al., 2014; Graham et al., 2017; Lewis et al., 
2017a; Spenkelink et al., 2019; Lewis et al., 2020). Several of these studies also explore how functional E. 
coli replisomes can be sequentially assembled in vitro by introducing the appropriate proteins over time 
to immobilised DNA templates (Lewis et al., 2017a; Spenkelink et al., 2019; Monachino et al., 2020). We 
adapted these replisome assembly conditions to separate helicase loading and DNA replication into 
discrete steps and thus to examine DnaB activity in each. 
To visualise single molecules of DNA-loaded DnaB, we used a mutant of DnaB6 (H201C) site-specifically 
labelled with a cysteine-reactive red fluorescent dye (Alexa Fluor 647). Note that wild-type DnaB 
contains no native cysteine residues, and His201 is positioned in a solvent-exposed loop near the C-
terminal face of the helicase, remote from the sites of its interaction with DnaG (PDB ID: 2R6A) (Bailey et 
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al., 2007), the DnaC helicase loader and ssDNA (PDB ID: 6QEM) (Arias-Palomo et al., 2019) 
(Supplementary Figure 5.S2). Consistent with this location, neither the mutation nor subsequent 
labelling significantly affected the function of DnaB during leading-strand replication (Supplementary 
Figure 5.S3). Nevertheless, we have not been able to exclude that interactions with other proteins (e.g., 
DnaA or Rep) that are not used in this work may be affected. It is also possible that the helicase activity 
of the mutant may be modestly affected by modulation of interactions with its excluded (leading) 
strand, as has been observed for a series of conserved basic residues on its surface (Carney et al., 2017); 
note that these residues are also structurally remote from H201, and interactions of DnaB with the 
excluded strand have not yet been characterised structurally.  
A 5’-biotinylated rolling-circle DNA template (2030 bp) with replication fork topology (Monachino et al., 
2018) was used for DnaB loading and subsequent replisome assembly (Supplementary Figure 5.S5A). 
DnaB6(red) mixed with DnaC in the presence of ATP was added to the DNA template and then injected 
into a microfluidic flow-cell to immobilise the complex on a streptavidin-functionalised surface (Figure 
5.2A). The DNA template stained with SYTOX Orange (green) and DnaB6(red) were both visualised by 
near-total internal reflection fluorescence (TIRF) imaging and loaded DnaB helicases identified by the 
colocalisation of the corresponding foci (Figure 5.2B). Of the DNA template foci detected in one field of 
view, 32% (n = 128) colocalise with DnaB6(red) foci and thus represent successfully loaded DnaBC 
helicase-helicase loader complexes. This value is well above the degree of colocalisation expected by 
chance (5%; see Methods, section 5.2.5).  





Figure 5.2. Visualisation of loaded DnaB helicases at the single-molecule level. (A) Illustration of the single-
molecule helicase-loading assay. DnaB6(red)DnaC6, a 2030 bp rolling-circle DNA template and the nucleotides 
required for loading are mixed and applied to a microfluidic flow channel. The 5′-biotinylated DNA couples to the 
streptavidin-functionalised surface and immobilises the complex. (B) Loaded DnaB helicases appear as colocalised 
foci (white) of DnaB6(red) and SYTOX Orange-stained DNA (green). The table indicates the number of foci, the 
degree of colocalisation and the degree of coincidental colocalisation by chance. (C) Distribution of DnaB6(red) 
stoichiometry loaded onto the 59-nt single-stranded DNA tail (n = 606). The black line represents the sum of three 
Gaussian distribution functions fit to the data. The dashed grey lines represent the individual Gaussian distributions. 
(D) The average binding lifetime of loaded DnaB6(red) molecules (magenta; n = 123). A single-exponential fit to the 
data (black) gives a binding lifetime of 34.4 ± 0.4 min. Photobleaching time is measured to be ~60 min 
(Supplementary Figure 5.S4) and therefore does not significantly impact on the observed kinetics.  
 
To calculate the number of DnaB helicases loaded on DNA templates, we quantified the intensities of 
colocalised DnaB6(red) foci and divided them by the calibrated average intensity for a single DnaB 
molecule (Supplementary Figure 5.S6B). The resulting distribution shows three distinct populations 
corresponding to 1.0 ± 0.1, 2.0 ± 0.1, and 2.9 ± 0.1 loaded helicases (mean ± S.E.M., n = 606) with 
decreasing occurrence, respectively (Figure 5.2C). The 59-nt single-stranded tail of the DNA template 
(Supplementary Figure 5.S5A) could plausibly accommodate up to two DnaBC complexes with an 
estimated footprint of ~30 nt (4) or three DnaB after DnaC dissociation with a footprint of 18–20 nt per 
helicase hexamer (Bujalowski and Jezewska, 1995). It is also possible that one molecule of DnaB could 
occupy the 25-nt gap on the leading strand. The shape of the distribution (Figure 5.2C) implies that the 
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probability of loading another helicase decreases as available ssDNA space decreases. 
We assessed the stability of DnaB helicases loaded at the fork by flowing out excess DnaB6(red) (and 
DnaC) and measuring the binding lifetime of colocalized DnaB6(red) (Figure 5.2D). The average intensity 
over time of n = 123 DnaB6(red) molecules was fit to a single exponential decay, yielding a mean lifetime 
of 34.4 ± 0.4 min (mean ± S.E.M.). The photobleaching of DnaB6(red) was greatly extended by imaging 
intermittently for 400 ms once every 8 s. To determine the photobleaching lifetime under these 
conditions, we extrapolated several known values for other conditions to determine a value of ~60 min 
(Supplementary Figure 5.S4). It is unlikely that this degree of photobleaching interferes with the 
measurement of the DnaB binding lifetime. Even taking the impact of photobleaching into account, our 
data suggest that once loaded, DnaB remains stably bound at a fork for ~30 min.  
After our observation of the number of helicases loaded at the fork, we set out to determine the 
number associated with progressing replisomes. Similar to the helicase loading experiments, we pre-
loaded DnaB6(red) on the rolling-circle DNA template and immobilised the complex on the surface. 
Then, we flow out excess DnaB6(red) (and DnaC) and flow in replication solution (Pol III*, β2 clamp, DnaG 
primase, SSB, dNTPs, NTPs) to initiate the replication reaction (Figure 5.3A). Rolling-circle replication 
products could be observed within tens of seconds as they were stretched out by hydrodynamic force, 
where the start of the kymograph indicates the point of buffer injection (Figure 5.3B, Supplementary 
Figure 5.S7A). Intermittent imaging of SYTOX Orange stained DNA (green) and DnaB6(red) identified 
DnaB helicases present only at the replication fork of DNA products (Figure 5.3B). Stoichiometric 
quantification of these DnaB6(red) foci produced a distribution centred about 0.9 ± 0.1 helicases (mean 
± S.E.M., n = 32) (Figure 5.3C). Therefore, these results confirmed that of the multiple DnaB helicases 
stably loaded onto ssDNA, only one is converted into an active replisome. 





Figure 5.3. More than one DnaB helicase are frequently present at the replication fork. (A) Illustration of the 
rolling-circle replication assay with DnaB6(red) preloaded on the DNA prior to introducing the replication solution. 
Replication is monitored in real time by flow stretching the replicating DNA products by hydrodynamic force. (B) 
(Top) Representative kymograph of preloaded DnaB6(red) moving with the fork during rolling-circle replication. 
(Bottom) Overlay of the DnaB6(red) and SYTOX Orange-stained DNA (green) kymographs shows the helicase 
molecule moving with the replication fork at the tip of the DNA product. (C) Distributions of DnaB helicase 
stoichiometry at the fork in the absence of DnaB6(red) in solution (magenta; n = 32) and in the presence of 
DnaB6(red) in solution (purple; n = 33). The black lines represent Gaussian fits to the data. (D) Illustration of the in-
solution assay, where DnaB6(red) is preloaded and also included at 2 nM in the replication solution.  (E) 
Representative kymograph showing the DnaB 6(red) signal at the fork when DnaB6(red) is present in solution. (F) 
Number of DnaB6(red) as a function of time for the kymograph in (E) showing the fluctuation in DnaB helicase 
stoichiometry during the course of replication, where steps are detected by change-point analysis (Watkins and 
Yang, 2005; Duderstadt et al., 2016; Hill et al., 2018).  
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When we repeat this rolling-circle replication experiment, but now with 2 nM DnaB6(red) present in the 
replication solution, we observe a different outcome (Figure 5.3D). DnaB6(red) foci were found at the 
fork (Figure 5.3E) but also occasionally left behind the progressing replisome (Supplementary Figure 
5.S7B). We considered the possibility that DnaB6(red) might be binding to incomplete Okazaki fragments 
with ssDNA gaps under these conditions where excess Pol III holoenzyme and SSB, but not DnaC, are 
present in solution. Although DnaB is known to associate with naked ssDNA (Arai and Kornberg, 1979; 
Bujalowski and Jezewska, 1995), its loading onto SSB-coated ssDNA generally requires specialized DNA 
structures such as forks, DnaC and other (replication restart) proteins (Arai and Kornberg, 1979; Michel 
and Sandler, 2017; Windgassen et al., 2018). Although ssDNA gaps on the lagging strand can be 
observed when experiments are set up specifically to detect them (Wu et al., 1992; Yuan and McHenry, 
2014) and may be produced under our conditions due to premature release of the lagging strand 
polymerase, we have shown that these gaps are subsequently filled by the additional free Pol III 
holoenzyme from solution (Lewis et al., 2017a). We conclude therefore that the labelled DnaB is most 
likely bound via the τ subunit (Monachino et al., 2020) to the Pol III holoenzyme left behind at Okazaki 
fragment junctions under these conditions where Okazaki fragment processing enzymes (DNA Pol I and 
ligase) are absent (Lewis et al., 2017a). 
Analysis of the stoichiometry of DnaB6(red) localised at the fork results in a distribution centred at 0.6 ± 
0.3 helicases (mean ± S.E.M., n = 33). Examining individual intensity traces of DnaB6(red) shows that 
intermittently, there is an increase in fluorescence equivalent to another helicase molecule localised to 
the replisome (Figure 5.3F). The physical divergence of these two helicase signals (Figure 5.3E) suggests 
one supports rolling circle replication, while the other does not. The presence of more than one helicase 
raises two questions: Is the replisomal DnaB helicase exchanging with other helicases in the surrounding 
solution? Or conversely, are extra helicases contributing to the replisome via a secondary mechanism? 
5.3.2 DnaB helicase is a stable anchor within the replisome 
There is no evidence in the literature to suggest that DnaB stochastically exchanges during DNA 
replication in the same manner shown for Pol III* and SSB (Beattie et al., 2017; Lewis et al., 2017a; 
Spenkelink et al., 2019). We detect, however, recurrent dynamics in the DnaB6(red) signal, indicating 
there is often more than one helicase at the replication fork (Figure 5.3E and F), and thus the potential 
for helicase exchange. Similar to other single-molecule studies of exchange, we applied fluorescence 
recovery after photobleaching (FRAP) to our replication assay with DnaB6(red) present in solution. 
Recovery events were detected (Supplementary Figure 5.S8A and B) which indicates DnaB6(red) 
molecules from solution associate with the fork during replication. Summing multiple single-molecule 
recovery curves suggests a recovery on the timescale of several minutes (Supplementary Figure 5.S8C). 
While suggestive of dynamic exchange, the apparent on/off events in the fluorescence signal creates 
noise in the FRAP recovery curves, making the process challenging to study. 
To further test the helicase exchange hypothesis, we developed a chase exchange assay as an 
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alternative approach to address exchange during DNA replication. First, we initiated rolling-circle 
replication with pre-loaded DnaB6(red) and then chased with a physiological concentration (30 nM) of 
dark, WT DnaB6 in the replication solution (Figure 5.4A). We hypothesised that if fluorescent DnaB 
exchanges with unlabelled DnaB from solution, we should see a disappearance of fluorescence at the 
fork. However, we found replisomal DnaB6(red) molecules to be unaffected by the excess unlabelled, 
WT DnaB6 during replication (Figure 5.4B, Supplementary Figure 5.S7C). Analysing the fluorescence of 
these replicating DnaB6(red) foci identified that the average lifetime of 4.6 ± 0.1 min (mean ± S.E.M, n = 
29) is very close to that of the photobleaching lifetime of 4.8 ± 0.1 min (mean ± S.E.M, n = 667) (Figure 
5.4C). The inability of the WT DnaB6 to perturb replisomal DnaB6(red) is compelling evidence that the 
helicase does not undergo exchange during DNA replication. Instead, these results suggest a single DnaB 
helicase persists for the entirety of the replication cycle, acting as a stable anchor for the other 
replisome components.  





Figure 5.4. DnaB helicases are both stable and dynamic during replication. (A) Illustration of the WT DnaB chase 
assay, where preloaded DnaB6(red) was ‘chased’ with a relatively high concentration of WT DnaB (30 nM) in the 
replication solution. Like the standard rolling-circle assay, DNA products are stretched out by hydrodynamic force. 
(B) Representative kymograph of DnaB6(red) moving with the fork during rolling-circle replication in the WT DnaB 
chase assay. (C) The average intensity over time from replicating DnaB6(red) molecules in the WT DnaB chase assay 
(magenta; n = 29), compared to the photobleaching lifetime of DnaB6(red) (grey; n = 667). The curve from each 
condition is fit with a single-exponential decay to provide the characteristic lifetime. (D) Illustration of the 
DnaB6(blue) chase assay, where preloaded DnaB6(red) is ‘chased’ with DnaB6(blue) (2 nM) in the replication 
solution. Again, the DNA products are stretched out by hydrodynamic force. (E) (Top) Representative kymographs of 
DnaB6(red) moving with the fork during rolling-circle replication in the DnaB6(blue) chase assay. (Bottom) The 
DnaB6(blue) kymograph from the same replication event shows the frequent association of additional helicases with 
the replication fork. (F) The stoichiometry over time from both the DnaB6(red) and DnaB6(blue) signal corresponding 
to the kymograph in (E), where steps are detected by change-point analysis (Watkins and Yang, 2005; Duderstadt et 
al., 2016; Hill et al., 2018). 
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To further investigate the extra DnaB6(red) foci identified at the replication fork, we applied a similar 
technique to the dark WT DnaB6 chase experiment. In this experiment, DnaB6(red) was pre-loaded onto 
the rolling-circle DNA template, but then chased with DnaB6(blue) in the replication solution (Figure 
5.4D). Imaging both colours of labelled DnaB during replication showed DnaB6(red) foci at the 
replication fork in parallel to our previous observations, but also DnaB6(blue) molecules binding 
intermittently at the fork (Figure 5.4E, Supplementary Figure 5.S7D). The appearance of DnaB6(blue) 
fluorescence did not correlate with the disappearance of DnaB6(red) signal (Figure 5.4F), which further 
solidifies the absence of helicase exchange. The dynamic association of DnaB6(blue) with the replication 
fork suggests extra DnaB helicases can somehow transiently interact with the replisome. 
5.3.2 Additional helicases dynamically interact with the replisome 
through the τ subunit of the CLC 
Our observation of the presence of extra helicases at the replication fork has not been reported before. 
Our chase replication experiments establish that any additional helicases do not interfere with the 
unwinding function of the main replisomal DnaB helicase. To understand the nature of the interaction of 
the extra DnaB helicases, we restructured our replication assay into a stationary replisome association 
assay. In this assay we utilise our available fluorescent tools to assess association of fluorescent DnaB 
with a stationary replisome to achieve much higher throughput of data. This stationary replisome 
association assay builds on observations of single-molecule DNA replication as carried out by replisomes 
completely pre-assembled prior to replication (Yao et al., 2009; Tanner et al., 2011; Lewis et al., 2017a). 
First, the loaded DnaB6(red)DnaC6–DNA complex (identical to the DnaB-loading experiments in Figure 
5.2A) is immobilised on the surface of a flow-cell. Then, an association solution consisting of the 
remaining replisome components, DnaB6(blue), ATP, dCTP and dGTP is injected (Figure 5.5A). Including 
only two of the four nucleotides allows for proper binding of the polymerases within the replisome but 
prevents them from replicating the whole template (Supplementary Figure 5.S5B). When the 
polymerase core is blocked from synthesis, it is expected to enter a stalled state which still retains a 
strong affinity for DNA (Park et al., 2018), and thus the entire replisome can be assembled but remains 
stationary. Herein lies the effectiveness of this assay, as we can identify assembled replisomes and then 
automate the acquisition and analysis of DnaB6(blue)-replisome interactions. 





Figure 5.5. Additional helicases are able to interact with the replisome through the τ subunit of the clamp-loader 
complex. (A) Illustration of the stationary replisome-association assay. The replisome (including DnaB6(blue)) is 
assembled during the ‘association’ phase after preloading DnaB6(red) onto DNA. Including only dGTP and dCTP in 
this reaction permits the replisome to assemble but precludes net DNA synthesis. (B) Example kymographs from 
different experiments where the CLC has a varying composition of τ subunits. Comparing the DnaB6(blue) 
kymographs shows how changing the reaction composition affects the frequency at which free DnaB6(blue) binds to 
assembled replisomes. More example kymographs can be found in the Supplementary Figure 5.S9. (C) The 
detection of DnaB6(blue) binding from the example kymographs from the τ3 replisome chase and γ3 replisome chase 
experiments in (B). A binding event is recorded (dark blue) when the intensity of the DnaB6(blue) signal (light blue) 
passes the threshold level (red). (D) Comparison of the binding frequency of DnaB6(blue) from different 
experiments: τ3 replisome, n = 123; τ1γ2 replisome, n = 70; γ3 replisome, n = 43; DnaB6(blue) only, n = 74; 
DnaB6(blue) and SSB only, n = 36. Tabulation of these values can be found in Supplementary Figure 5.S11. 
 
We identified stationary, assembled replisomes based on the colocalisation of DnaB6(red) and SYTOX 
Orange-stained DNA in the same manner as the DnaB loading experiments (Supplementary Figure 
5.S9A). When the immobilised DnaB6(red)DnaC6-DNA complexes are exposed to the association solution 
with all the replisome components, we see dynamic binding of DnaB6(blue) molecules (Figure 5.5B). 
These dynamics are consistent with the association events detected at the replication fork during the 
DnaB6(blue) chase assay (Figure 5.4E). When we analyse all the intensities observed throughout the 
experiment, we see that, on average, DnaB6(blue) is bound 43% of the time (Supplementary Figure 
5.S10A). In contrast, when we omit all other replisome components from the association solution, we 
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only see DnaB6(blue) bound 12% of the time (Supplementary Figure 5.S10B). To extract the 
characteristic frequency of the binding dynamics, we applied thresholding analysis to the DnaB6(blue) 
signal to automate the detection of binding events (Figure 5.5C). We found that the binding frequency 
of DnaB6(blue) varied both within and between experiments depending on several factors. For the 
condition where all replisome components are present (Figure 5.5D), we determined a binding 
frequency of 0.84 ± 0.05 min–1 (mean ± S.E.M., n = 123). We are able to compare this measurement to 
other DnaB6(blue) binding populations within the same experiment. When we measure the DnaB6(blue) 
dynamics on DNA templates that lack a loaded DnaB6(red), the frequency was slightly lower (0.69 ± 0.01 
min–1, n = 1651; Supplementary Figure 5.S11). The dynamics on DnaB6(red) foci not bound to DNA are 
less frequent (0.35 ± 0.02 min–1, n = 421; Supplementary Figure 5.S11). Together these observations 
show that the additional DnaB interactions occur more frequently at replisomes containing all 
components. Furthermore, when we modify the experimental condition to include only DnaB6(blue) in 
the association solution, we observe significantly less DnaB6(blue) binding at colocalised DnaB6(red)–
DNA sites (0.13 ± 0.02 min–1, n = 74) (Figure 5.5D). The lack of dynamics in the absence of other 
replisomal components indicates that the additional DnaB binds to the replisome through an interaction 
with another replisomal protein.  
To identify this factor, we repeated the experiment with the omission of specific proteins and found that 
when the CLC lacks the τ subunit (γ3δδ’ψχ), significantly less frequent DnaB6(blue) binding is detected. 
Under these conditions, the binding frequency of DnaB6(blue) at DnaB6(red)–DNA sites, 0.07 ± 0.02 min–
1 (n = 43) is not significantly different from that observed with DnaB6(blue) only (above) or with only SSB 
and DnaB6(blue) (0.12 ± 0.04 min–1, n = 36) (Figure 5.5D). Part of the DnaB6(blue) binding dynamics can 
be recovered proportionally by the presence of a CLC that includes either one (τ1γ2δδ’ψχ; 0.24 ± 0.04 
min–1, n = 70) or two τ subunits (τ2γ1δδ’ψχ; 0.41 ± 0.06 min–1, n = 26) (Figure 5.5D). Taken together, 
these results implicate the τ subunit of Pol III holoenzyme as the factor responsible for recruiting extra 
DnaB helicases to the replisome. DnaB has a known affinity for τ (Jergic et al., 2007; Monachino et al., 
2020), yet it was always believed that this interaction was reserved for maintaining the physical 
connection between the Pol III HE and the replisomal helicase.  
5.4 Discussion 
We report here the use of single-molecule fluorescence imaging to visualise single molecules of the 
DnaB helicase and study its dynamics. We used a collection of functional assays to examine the stability 
of the helicase during the discrete stages of helicase loading and DNA replication. 
Firstly, our quantification of labelled DnaB stoichiometry showed that during loading, multiple DnaB 
molecules can be deposited onto the exposed single-stranded region of our DNA template. In contrast, 
quantitative studies of replication initiation identified that each strand of the E. coli origin of replication, 
oriC is bound by a single DnaBC complex (Fang et al., 1999; Carr and Kaguni, 2001). Our loading method, 
although effective for our assay, does not reproduce the physiological conditions of initiation at oriC. We 
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used a pre-made fork template with an exposed 5′ end in contrast to the topologically closed DNA 
bubble that occurs at oriC. We also do not include the DnaA initiator protein, which normally recruits 
DnaB to the origin through interactions with both DnaB and DnaC (Marszalek and Kaguni, 1994; Sutton 
et al., 1998; Seitz et al., 2000; Carr and Kaguni, 2001; Felczak et al., 2005; Keyamura et al., 2009). Our 
results demonstrate that multiple helicases will associate with ssDNA if there is space available. 
Therefore, we know DnaBC is capable of engaging ssDNA by itself, but special mechanisms are in play at 
oriC involving DnaA to load two and only two helicases onto opposite strands. 
We find that, once loaded, DnaB remains stably associated with the forked ssDNA for ~30 min. This 
lifetime of DnaB during loading is comparable to other observations of DnaB being bound to ssDNA for 
times between 5 and 30 min (Maisnier-Patin et al., 2001; Labib and Hodgson, 2007; Pomerantz and 
O'Donnell, 2010; Mettrick and Grainge, 2016; Beattie et al., 2017). Our results are further evidence that 
once DnaB associates with DNA, it forms a highly stable nucleoprotein complex. The DnaB helicase is 
also expected to be stably integrated as part of the active replisome. Other studies have inferred the 
stability of replisomal DnaB based on in vivo lifetime measurements (Beattie et al., 2017), and the 
stability of the whole replisome during normal DNA replication (Kim et al., 1996) or once challenged  
(Maisnier-Patin et al., 2001; Labib and Hodgson, 2007; Pomerantz and O'Donnell, 2010; Mettrick and 
Grainge, 2016). It is nevertheless possible that hidden amongst these indirect measurements of stability, 
DnaB has the capacity to exchange during replication. There are an increasing number of studies 
demonstrating that, at cellular protein concentrations, the bacterial replisome does not have a static 
composition, but rather exchanges its components frequently (Loparo et al., 2011; Geertsema et al., 
2014; Yuan et al., 2016a; Beattie et al., 2017; Lewis et al., 2017a; Li et al., 2019; Spenkelink et al., 2019) . 
Therefore, we designed three single-molecule replication assays to directly detect DnaB exchange. Each 
of these showed the absence of exchange on the minutes timescale — instead the replisomal helicase 
was maintained for the entirety of replication. This result implicates DnaB as the stability factor of the 
replisome on which other components can dynamically interchange, and agrees with the regulatory 
mechanism suggested by Monachino et al. (2020). Our direct observations of DnaB stability indicates its 
function as the processivity factor of the replisome. The replisomal helicase not only forms the stable 
anchor on which exchange occurs, but also acts as the central platform for the coordination of the main 
events of replication. 
Despite the lack of DnaB exchange in the replisome, we do detect recurrent dynamics in the DnaB 
signals. These dynamics signify the frequent and transient association of extra helicases with the 
replication fork. From our chase experiments, we demonstrate that these extra helicases are indeed not 
stably incorporated, and do not interfere with the replisomal DnaB. Two other single-molecule studies 
of replisome stoichiometries in live cells find populations centred about one or two helicases (Reyes-
Lamothe et al., 2010; Mangiameli et al., 2017). Both studies explain the two-helicase population as the 
result of two replisomes bidirectionally replicating the chromosome contained within a single 
diffraction-limited spot. The width of the stoichiometry distributions in both studies, however, could 
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hide populations in which up to 3 or 4 hexamers are bound momentarily within these diffraction-limited 
spots. These observations are consistent with our finding of extra DnaB transiently interacting with the 
replisome.  
It is unclear if additional helicases play a functional role in the replisome. Our observation of successful 
replication with and without extra helicases suggests that these DnaB molecules do not contribute to 
unwinding of dsDNA. Furthermore, as we have demonstrated the high degree of stability of the helicase, 
the benefit of having additional DnaB in the replisome is not readily apparent. One possible implication 
relates to cellular DNA lesions (Windgassen et al., 2018), where re-loading of DnaB after lesion-induced 
stalling could be helped by readily available extra helicases. Through quantification of the frequency of 
DnaB associating with stationary replisomes, we determined that additional helicases interact with the 
replisome through the τ subunit(s) of the clamp-loader complex. With increasing number of τ subunits 
in the CLC, we see a proportionate increase in the binding frequencies of additional helicases. This 
dependency shows that the local concentration of τ subunits dictates the access of free helicases from 
solution. The mode of this interaction is likely the same as the previously identified weak interaction of 
domain IV of τ and DnaB (Monachino et al., 2020). It remains difficult to pinpoint the exact number of 
replisomal helicase connections and if such factors are static or dynamic throughout the Okazaki 
fragment cycling of the replisome. 
In conclusion, we applied single-molecule imaging tools to an in vitro-reconstituted E. coli replication 
reaction to demonstrate a high stability of integration of the replicative DnaB helicase at replication 
forks. We argue that DnaB is the stable anchor within the replisome that plays a critical role in replisome 
processivity and thus integrity. Having established a fluorescence-based assay for visualisation of DnaB 
at the single-molecule level, future experimentation should focus on the dynamics of replication 
initiation as well as alternative pathways sampling by DnaB and the CLC during the cycling of Okazaki 
fragments. Such studies would help us understand how the DnaB helicase, and by extension the whole 
replisome, coordinates with other proteins to respond to challenges to replication integrity. 
5.5 Supplementary methods 
5.5.1 Plasmids and strains 
The E. coli recA strain AN1459 (Vasudevan et al., 1991), grown at 30˚C in LB media, was used as host 
during plasmid construction, and strain BL21(λDE3)recA (Williams et al., 2002) was used for preparative 
over-production of the DnaB6(DnaC)6 complex. The dnaC+ plasmid pJK129 (Kobori and Kornberg, 1982) 
and the dnaB+ plasmid pKA1 (Nakayama et al., 1984) were gifts of Dr Arthur Kornberg (Stanford 
University). The vector pPT150 (Elvin et al., 1990) contains tandem phage λ pR and pL promoters 
upstream of a synthetic ribosome-binding site (RBS) perfectly complementary to the 3’ end of 16S rRNA 
and a unique HpaI restriction site, as well as unique NcoI and SmaI sites located ~350 bp further 
downstream. Vector pPT150 also expresses the λ cI857ts allele; the cI857 protein represses the λ 
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promoters at 30˚C but is inactivated at 42˚C, enabling temperature-induced overexpression of target 
genes. 
5.5.2 Overproduction of DnaC directed by plasmids pPS237 and pSB957 
A 2634-bp NcoI–HpaI fragment containing the intact dnaC and yjjA genes was isolated from pJK129 and 
inserted between the NcoI and SmaI sites of pPT150. The new plasmid pPS231 (6297 bp) was linearised 
with NcoI and treated with sufficient exonuclease Bal31 to remove ~285 bp of DNA upstream of the ATG 
start codon of dnaC (and a similar amount from the other end). The product mixture was digested with 
HpaI and plasmids recircularised by intramolecular ligation, a strategy designed to bring the synthetic 
RBS in pPT150 into close proximity to the ATG start codon of dnaC. Since moderate overproduction of 
DnaC protein is lethal to E. coli, transformants were first screened for a temperature-sensitive (ts) 
phenotype on replica plates at 42˚C, then plasmids in 96 ts strains were subjected to high-resolution 
restriction mapping to identify those likely to promote highest-level overproduction of DnaC. Nucleotide 
sequence determination and small-scale temperature induction experiments with SDS-PAGE analysis led 
to retention of pPS237 (Figure 5.S1A), a plasmid that directed high-level overproduction of DnaC at 42˚C. 
Unfortunately, most of the DnaC protein was found not to be in the soluble fraction on cell lysis. To 
facilitate construction of plasmid pSB958 (see below), pPS237 was linearised with NdeI, the overhanging 
ends were filled in with Pol I (Klenow) and dNTPs, and the plasmid religated to yield pSB957 (Figure 
5.S1A)  
5.5.3 Overproduction of DnaB directed by plasmid pPS359 
An ~4.4-kb BamHI–HindIII dnaB+npt+(kanR) fragment from plasmid pKA1 was inserted between the same 
sites in vector pUC9 (Vieira et al., 1982); transformants were selected at 30˚C for resistance to ampicillin 
and checked for kanamycin resistance and complementation of the dnaBts mutation in strain 
SG1692recA (Lilley et al., 1993). The ~2.8 kb dnaB+ NdeI fragment from the product plasmid pPS307 was 
treated with sufficient Bal31 to remove ~44 bp from each end, then digested with EcoRI. The ~2.1 kb 
dnaB+ fragments were isolated and inserted between the HpaI and EcoR1 sites of pPT150. Ninety-six 
ampicillin-resistant transformants were screened for a ts phenotype at 42˚C, and eight selected plasmids 
were restriction mapped with BamHI and NcoI. These transformants were then screened for 
overproduction of DnaB using small-scale cultures and SDS-PAGE, followed by nucleotide sequence 
determination to demonstrate the proximity of the strong RBS from pPT150 to the ATG start codon of 
dnaB. Finally, a small SmaI fragment was removed from the selected plasmid pPS353 to yield plasmid 
pPS359 (Figure 5.S1B). Although pPS359 directed high-level overproduction of DnaB, the protein also 
largely remained in the insoluble fraction after cell lysis. 
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5.5.4 Overproduction of the DnaBC complex directed by plasmids 
pPS562 and pSB958 
Because of the poor solubility of DnaB and DnaC in their respective overproducing strains, we developed 
methods for their co-expression in near-stoichiometric amounts by constructing synthetic dnaCB 
operons under control of the tandem phage λ promoters in the parent vectors (Figure 5.S1C). Plasmid 
pPS237 (Figure 5.S1A) contains a unique AccI site just following the TAA stop codon of dnaC; it was 
linearised with AccI and treated with Pol I (Klenow) and dNTPs to fill in the ends, before being further 
digested with EcoRI and the large (4769-bp) fragment isolated. Concurrently, plasmid pPS359 (Figure 
5.S1B) was digested with BamHI and the ends filled with Pol I (Klenow) before being further digested 
with EcoRI. The 2122-bp dnaB+ fragment was isolated and ligated to the dnaC+ vector fragment from 
pPS237 (see above), to yield pPS562 (Figure 5.S1C). Finally, to simplify production of mutant forms of 
dnaB and dnaC (Williams et al., 2002, 2005, Watts et al., 2007), the unique AccI site downstream of dnaC 
in pPS562 was restored, and an NdeI site was generated at the ATG start codon of dnaB to generate 
plasmid pSB958 (Figure 5.S1C). This was accomplished by ligation of the 4771-bp AccI–EcoRI fragment of 
pSB957 (Figure 5.1A), the 2006-bp PvuI–EcoR1 fragment of pPS359 (Figure 5.S1B) and a 111-bp AccI–
PvuI fragment generated by PCR using primers 310 (5’-CCAGCAGATCTTCGCTGGTACG CCCCTGCG-3’; 
within dnaB) and 311 (5’-TTCTGGCGGTAGTATACTAAGGAGGTTTCCATATGGC AGGAAATAAACCCTTC-3’; 
AccI and NdeI sites underlined), followed by endonuclease digestion with AccI and PvuI. Both plasmids 
pPS562 and pSB958 have been used interchangeably for overproduction of wild-type DnaB and DnaC 
proteins, in soluble form. 
5.5.5 Purification of DnaB and DnaC 
Buffers used were: lysis buffer (50 mM Tris.HCl pH 7.6, 10% w/v sucrose, 200 mM NaCl, 3 mM EDTA, 2 
mM dithiothreitol, 20 mM spermidine); buffer A (30 mM Tris.HCl pH 7.6, 10 mM MgCl2, 2 mM 
dithiothreitol, 100 µM ADP, 20% v/v glycerol); buffer B (25 mM Tris.HCl pH 7.6, 1 mM dithiothreitol, 10% 
v/v glycerol); buffer C (50 mM Tris.HCl pH 7.6, 200 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 100 µM 
ATP, 20% v/v glycerol); buffer D (40 mM Tris.HCl pH 7.6, 100 mM NaCl, 10 mM MgCl2, 2 mM 
dithiothreitol, 100 µM ATP, 20% v/v glycerol); buffer E (50 mM Tris.HCl pH 7.6, 5 mM MgCl2, 2 mM 
dithiothreitol, 1 mM ATP, 20% v/v glycerol).  
E. coli strain BL21(λDE3)recA/pSB958 was grown at 30˚C in LB medium supplemented with thymine (50 
µg ml–1) and ampicillin (200 µg ml–1). Upon growth to A595 = 0.8−1.0, the temperature was rapidly 
increased to 42˚C to induce overproduction of DnaB and DnaC; the 1-litre cultures were shaken for a 
further 3 h, after which they were chilled in ice. Cells were harvested by centrifugation (11,000 × g, 5 
min), frozen in liquid nitrogen and stored at –80˚C.  
Frozen cells (12.3 g from 4 litres of culture) were resuspended in 370 ml of ice-cold lysis buffer by gentle 
agitation. Then a solution of 100 mg of egg lysozyme in 10 ml of water was added dropwise, while 
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stirring. After the suspension had been stirred gently at 4˚C for 60 min, it was warmed in a bath at 37˚C 
for 6 min (with gentle inversion each minute). Complete C protease inhibitor pills (Roche) were then 
added to the suspension as per manufacturer’s prescription and then phenylmethylsulfonyl fluoride, 
dissolved in ethanol to 100 mM, was added dropwise to the agitated suspension to reach a final 
concentration of 0.5 mM. The suspension was rapidly cooled in ice, and then gently stirred for another 
60 min at 4˚C. Cell debris was removed by centrifugation (35,000 × g, 30 min). Solid ammonium sulphate 
(0.21 g per ml) was added to the supernatant (Fraction I) over the course of 30 min, and left to stir for an 
additional 30 min. The pellet was harvested by centrifugation (35,000 × g, 30 min), dissolved in 30 ml of 
buffer A + 25 mM NaCl, and dialysed against three changes of 2 litres of the same buffer, to yield 
Fraction II.  
The dialysate was loaded at 1 ml min–1 onto a column (2.5 × 16 cm) of Toyopearl DEAE-650M anion-
exchange resin that had been equilibrated in buffer A + 25 mM NaCl. The column was washed with 100 
ml of the same buffer, after which a linear gradient (500 ml) of 0–500 mM NaCl in buffer A was applied 
at a flow rate of 1.5 ml min–1. Fractions that did not bind to the column containing DnaC (flow-through, 
90 ml) were pooled and dialysed against buffer B (Fraction III). On the other hand, DnaB eluted in a 
single peak at ~230 mM NaCl. Fractions containing DnaB (50 ml, ∼110 mg of protein) were pooled 
judiciously to avoid contamination by nucleic acids. DnaB in these fractions was precipitated by the 
addition of solid ammonium sulphate (0.4 g ml–1) and dissolved in 12 ml of buffer C (Fraction IV). 
Fraction III (containing DnaC) was loaded at 1 ml min–1 onto a column (2.5 × 10 cm) of Toyopearl SP-
650M cation-exchange resin that had been equilibrated in buffer B. The column was washed with 60 ml 
of buffer B at a flow rate of 1 ml min–1, after which DnaC was eluted in a linear gradient (500 ml) of 0–
500 mM NaCl in buffer B in a peak at ~200 mM NaCl. Fractions containing DnaC (34 ml) were pooled, 
dialysed into storage buffer D, frozen in liquid nitrogen and stored at –80˚C. A typical preparation 
yielded ∼35 mg of highly purified DnaC. 
To separate DnaB from contaminating DNA, Fraction IV was divided into two equal portions (6 ml each) 
that were separately loaded at 0.5 ml min–1 onto a column (2.5 × 65 cm) of Sephacryl S-400 gel filtration 
resin (GE Healthcare), which has been equilibrated in buffer C. DnaB eluted in the included volume at 
∼220 ml, whereas most of DNA (and aggregated species) eluted in the excluded volume at ∼130 ml. 
Fractions containing DnaB (36 ml from each run) were pooled, frozen in liquid nitrogen and stored at –
80˚C. A typical preparation yielded ∼80 mg of highly purified DnaB. 
5.5.6 Assembly and purification of the DnaB6(DnaC)6 (or DnaBC) 
complex 
To assemble the DnaBC complex, 18.6 ml of DnaB (at 1.18 mg ml–1) and 13.4 ml of DnaC (at 1.48 mg ml–
1) were gently mixed into 44 ml of buffer E that had been supplemented with an additional 1.5 ml of ATP 
stock solution (25 mM). These conditions provided an ∼1.7-fold molar excess of DnaC over DnaB 
(calculated each as monomers) in a solution finally containing 1 mM ATP and <70 mM NaCl. The solution 
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was stirred gently at 4˚C for 60 min, then clarified by centrifugation (35,000 × g; 30 min) and finally 
loaded at 0.5 ml min–1 onto a onto a column (1 × 6 cm) of Toyopearl Super Q-650M anion-exchange 
resin that had been equilibrated in buffer E + 80 mM NaCl. After the column had been washed with 30 
ml of buffer E + 80 mM NaCl at a flow rate of 1.5 ml min–1, the DnaBC complex was eluted in a steep 
linear gradient (45 ml) of 80–1400 mM NaCl in buffer E in a peak centred at ~180 mM NaCl (Figure 
5.S1D). Fractions containing DnaBC were pooled (7.5 ml in total), frozen in liquid nitrogen and stored at 
–80˚C. This preparation yielded ∼24 mg of highly purified DnaBC complex. 
5.6 Supplementary figures 
 
 
Figure 5.S1. Genetic and physical maps of plasmids that direct overproduction of DnaB and DnaC and isolation of 
the DnaBC complex. (A) The dnaC+ plasmids pPS237 and pSB957. The restriction site marked NdeI* is present in 
pPS237, but absent from pSB957. (B) The dnaB+ plasmid pPS359. (C) Plasmids pPS562 and pSB958, containing 
synthetic dnaCB operons that direct simultaneous overproduction of both DnaB and DnaC, in near stoichiometric 
amounts. The restriction site marked NdeI* is present in pPS562, but absent from pSB958. (D) Purification of the 
DnaB.DnaC complex on a 5-ml Super Q-650M anion-exchange column. Samples from successive fractions (indicated 
by numbers) were analysed on a 15% SDS-PAGE gel. 







Figure 5.S2. Structural model of the E. coli DnaB helicase in complex with the DnaC helicase loader. (PDB ID: 
6QEM) DnaB6 (blue shades) in complex with DnaC6 (orange shades) highlighting the position of the H201C mutation 
used for mutagenesis and labelling (red) (Arias-Palomo et al., 2019) (A) Side view of the DnaB6(DnaC)6 hexameric 
‘cracked ring’ conformation bound to ssDNA (green; mostly buried). (B) Close up view of the His201 residue 
positioned on the linker between the C- and N-terminal domains of DnaB protomers. This residue is not involved 
with DnaC or DnaG primase binding (not shown), and is solvent exposed in a surface loop, making it suitable for 
mutation to cysteine for fluorescent labelling. 
 





Figure 5.S3. Activity of the labelled DnaB helicases. (A) SDS-PAGE gel of pure DnaB6(red). The left and middle lane 
are stained with Coomassie blue and imaged using a Bio-Rad Gel Doc XR, while the right lane is unstained and the 
Alexa Fluor 647 fluorescence is imaged using an Amersham Imager 600. (B) Comparison of the activities of inactive 
DnaB6 (from a preparation that resulted in inactive DnaB6, apparently due to transition-metal ion contamination), 
WT DnaB6 and DnaB6(red). Native agarose gel electrophoresis separates the products of leading-strand DNA 
replication from filled-in primed M13 (TFII) and unreplicated primed ssM13. The replication products are dependent 
on active DnaB and there is no difference between the WT DnaB6 and DnaB6(red). (C) SDS-PAGE of pure DnaB6(blue) 
similar to (A). (D) Native agarose gel electrophoresis similar to (B) showing the activity of DnaB6(blue).  





Figure 5.S4. Photobleaching lifetime extrapolation. The photobleaching lifetime of DnaB6(red) was measured at 
four separate extents of laser exposure, where the laser power was constant at 40 W/cm–2 and the increasing x-axis 
represents longer intermission between exposure periods. Fitting these points with a linear function and 
extrapolating to exposure ‘20’ (400 ms ON, 7600 ms OFF) provides a measure of the photobleaching lifetime of ~58 





Figure 5.S5. The rolling-circle DNA template with controlled fork topology. (A) The rolling-circle DNA template was 
created as previously described (Monachino et al., 2018) by modifying a 2030-bp plasmid with an oligonucleotide 
with non-complementary region creating a 59-nt 5′-tail. This tail forms a replication fork suitable for loading of the 
DnaBC complex. The modification also leaves a 25-nt gap where the leading-strand Pol III core can associate with 
the primer–template junction. (B) The primer–template junction in (A). The base-pair composition of this junction is 
important in the stationary replisome association assay, wherein dATP and dTTP are omitted from the association 
solution, which allows the Pol III core to bind the junction, incorporate the first three nucleotides (CCG) but not the 
fourth (A). Thus, the polymerase is retained at the junction cycling between the polymerisation and proofreading 
states. 
 





Figure 5.S6. Quantification of the degree of labelling through single-molecule photobleaching steps. Both 
DnaB6(red) and DnaB6(blue) contain multiple fluorescent dyes per hexamer; however, the presence of ADP in the 
storage buffer interferes with measurement of the degree of labelling by spectrophotometry. Therefore, we 
deposited (A) DnaB6(red) or (D) DnaB6(blue) from 20 pM solutions of each on a cleaned glass coverslip and single-
molecule photobleaching steps (black lines) were detected using change-point analysis (Watkins and Yang, 2005; 
Duderstadt et al., 2016; Hill et al., 2018). The distribution of step size for (B) DnaB6(red) was (4.25 ± 0.06) x 104 (µ 
(mean) ± S.E.M., n = 909) and for (E) DnaB6(blue) was (5.23 ± 0.24) x 104 (µ (mean) ± S.E.M., n = 293). (C) 
Distribution of the number of steps and thus number of dyes per hexamer, for DnaB6(red). The black line is a 
Poisson fit of the data (λ (mean) = 3.50, n = 260). (F) Distribution of the number of steps and thus number of dyes 
per hexamer for DnaB6(blue). The black line is a Poisson fit of the data (λ (mean) = 2.52, n = 181). 
 





Figure 5.S7. Further examples of kymographs from the rolling-circle replication assays. (A) Kymographs of 
preloaded DnaB6(red) overlaid with SYTOX Orange-stained DNA (green) during rolling-circle replication. (B) 
Kymographs of DnaB6(red) moving at the fork during rolling-circle replication when excess DnaB6(red) is present in 
solution. (C) Kymographs of DnaB6(red) moving with the fork during rolling-circle replication whilst chased with WT 
DnaB6. (D) Kymographs of DnaB6(red) as it is chased with DnaB6(blue) as they are moving with the fork during 
rolling-circle replication. 





Figure 5.S8. DnaB helicase dynamics quantified by single-molecule FRAP. (A) Example kymographs of DnaB6(red) (2 
nM) in the single-molecule FRAP experiments during rolling-circle replication. After 2 min of replication, a high 
intensity FRAP pulse (240 W cm–2; indicated by the magenta line) is used to rapidly bleach all DnaB6(red) foci in the 
field of view. Recovery dynamics are observed over the following 4 min. (B) Number of DnaB helicases as a function 
of time corresponding to the above kymograph A3, where single-molecule steps (black line) were detected using 
change-point analysis (Watkins and Yang, 2005; Duderstadt et al., 2016; Hill et al., 2018). (C) The average intensity 
recovered by 21 molecules of replicating DnaB6(red) in the single-molecule FRAP experiments. Fitting these data 
with a FRAP recovery function (Equation 2) determines a steady state of 0.34 ± 0.06 helicases at the fork (or 1.2 ± 
0.2 fluorophores; mean ± S.E.M) and a characteristic exchange time of 2.8 ± 0.7 min (mean ± S.E.M.). Despite 
obtaining these values, the poor fit of this model (SSE = 81.5, R2 = 0.4478) suggests the kinetics measured here 
represent transient association rather than exchange.  
 





Figure 5.S9. Analysis of the stationary replisome association experiments. (A) The analysis pipeline to process the 
stationary replisome association experiments (left) and to identify different populations within the data (right). (B) 
Fifteen example DnaB6(blue) kymographs for each population extracted from the τ3 replisome chase experiment. 
(C) Fifteen example DnaB6(blue) kymographs for the DNA-DnaB6(red) population from different experiments. 





Figure 5.S10. Steady state analysis of the stationary replisome association experiments. (A) Histogram of all the 
intensity points recorded for all the DnaB6(blue) trajectories in the DNA + DnaB6(red) condition from the τ3 
replisome chase experiment (n = 123). All the points excluded to the right of the zero-point Gaussian fit (red line) 
represent the fraction of time spent with DnaB6(blue) bound (43%). (B) Histogram of all the intensity points 
recorded for all the DnaB6(blue) trajectories in the DNA + DnaB6(red) condition from the DnaB6(blue) only chase 
experiment (n = 43). In this case, the fraction of time spent with DnaB6(blue) bound is less (12%). 
 





Figure 5.S11. Comparison of stationary replisome association data. (A) Graphical representation of all the 
measured binding frequencies for different experiments (plotted along the x-axis) and different populations within 
these experiments (colour corresponding to the legend). (B) Tabulation of binding frequencies (units in min–1) for 
the different conditions corresponding to the experiments in (A). The number of molecules is indicated in brackets. 
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The replisome is responsible for replication of DNA in all domains of life, with several of its individual 
enzyme components relying on hydrolysis of nucleoside triphosphates to provide energy for 
replisome function. Half a century of biochemical studies demonstrated a dependence on ATP as an 
energy source for helicases to unwind duplex DNA during replication. Through single-molecule 
visualization of DNA replication by the Escherichia coli replisome, we demonstrate that the DnaB 
helicase does not rely on ATP hydrolysis (or any ribo-NTPs) in the context of the elongating replisome. 
We establish that nucleotide incorporation by the leading-strand polymerase is the main motor 
driving the replication process. 
Contributions 
This Chapter describes a novel behaviour of the E. coli replisome, where in the absence of rNTPs, 
efficient and processive replication is still possible. This result implies that the ATP-dependent DnaB 
helicase acts only as a passive wedge within the replisome, and that the main energy source driving 
unwinding and thus replication is derived from polymerase elongation. 
As part of this study, I designed the minimal replication assay. I then carried out all the labelled DnaB 
experiments (Figure 6.2D, E & F), part of the leading-strand replication experiments (Figure 6.2A, B & C) 
and part of the minimal replication experiments (Figure 6.3). I also analysed part of the data and then 
drafted part of the manuscript.   




Adenosine triphosphate (ATP) hydrolysis is the main cellular energy source to drive biochemical 
reactions that are otherwise energetically unfavorable. The chemical energy stored in the 
phosphoanhydride bonds is released upon hydrolysis of ATP to ADP and is used for processes such as 
mechanical work and conformational change. DNA replication is a process where the replication 
machinery, or replisome, is thought to rely on ATP hydrolysis to promote the chemical and mechanical 
activities necessary to progress the replication fork. A model system for DNA replication, is the 
Escherichia coli replisome, which requires participation of 12 different proteins to duplicate the 
chromosome (Fig. 6.1A (inset)) (Lewis et al., 2016). Of these, three components – the DnaB helicase, the 
DnaG primase and the clamp loader complex (CLC) – are known to use ATP in their function.  
The replicative helicase DnaB hydrolyzes ATP or other ribonucleoside triphosphates (rNTPs) (Reha-
Krantz and Hurwitz, 1978; Arai and Kornberg, 1981; Biswas et al., 1986; LeBowitz and McMacken, 1986; 
Biswas and Biswas, 1999b; Roychowdhury et al., 2009), through its highly-conserved, RecA-type ATPase 
domain (Leipe et al., 2000; Itsathitphaisarn et al., 2012; Arias-Palomo et al., 2019; Wiegand et al., 2019). 
The energy from hydrolysis powers DnaB translocation along DNA (Arai and Kornberg, 1981; LeBowitz 
and McMacken, 1986; Bujalowski and Jezewska, 1995; Kim et al., 1996; Kaplan, 2000; Galletto et al., 
2003, 2004a, b; Roychowdhury et al., 2009) to unwind the duplex at the replication fork (Manosas et al., 
2010; Ribeck et al., 2010). 
The DnaG primase uses ATP as part of the de novo synthesis of RNA primers on the lagging strand 
(Rowen and Kornberg, 1978b; Kitani et al., 1985; Hiasa and Marians, 1994; Corn et al., 2005). ATP forms 
part of the rNTP pool utilized by DnaG to generate RNA primers (Rowen and Kornberg, 1978a). The CLC 
requires ATP to load the β2 processivity clamp onto DNA (reviewed in Kelch et al. (2012)).  
Although these replisomal enzymes can use ATP in their function, none of them is completely 
dependent on it. DnaG is a promiscuous primase capable of incorporating deoxy-NTPs (dNTPs) (Rowen 
and Kornberg, 1978a). Similarly, while the CLC predominantly uses ATP, it also accepts dATP as a 
substitute (Burgers and Kornberg, 1982, 1983). In contrast, while the DnaB helicase consumes any of the 
four rNTPs, it has a negligible capacity for dNTPs hydrolysis to fuel translocation (Figure 6.S1) (Reha-
Krantz and Hurwitz, 1978; Biswas et al., 1986; LeBowitz and McMacken, 1986). 
The strict dependence of DnaB on rNTPs has led to the widely accepted view that DNA replication 
progresses in an ATP-dependent manner, a theory supported by ensemble biochemical studies showing 
a lack of DNA replication in the absence of ATP (Kornberg and Baker, 1992). However, most ensemble 
assays do not separate helicase loading from replisome activity and thus do not separately test the ATP 
dependence of elongation (unwinding and synthesis). Here we show, using three different single-
molecule replication assays, that efficient replisome activity does not require ATP or other rNTPs. Our 
data suggest that the helicase can act passively, with the energy required for DNA strand separation 
provided by dNMP incorporation by the leading strand DNA polymerase. 




Using a flow-cell based single-molecule rolling-circle replication assay, we are able to separate helicase 
loading and replication elongation into discrete steps and test the dependence of replisome-mediated 
elongation on ATP (Tanner et al., 2008; Tanner et al., 2009; Lewis et al., 2017a; Spenkelink et al., 2019; 
Spinks et al., 2021c). First, with ATP present, we assembled DnaB from the DnaBC helicase-loader 
complex onto the rolling-circle DNA template, a 2-kb circular dsDNA template with a 5′ flap that mimics 
the forked DNA found at the site of replication (Monachino et al., 2018). The helicase-DNA complex was 
immobilized on the surface of a microfluidic flow cell. Omitting ATP from this DnaB loading step resulted 
in a complete lack of replication, confirming the necessity of ATP during loading (Figure. 6.S2). Following 
helicase loading, and an extensive wash step to remove ATP, replication elongation was initiated by 
introducing the other replication components necessary for leading- and lagging-strand synthesis, 
including the DNA polymerase III holoenzyme, primase and the single-stranded DNA-binding protein, 
SSB (see methods, section 6.4.3). 
Leading-strand synthesis displaces ssDNA from the circle, which in turn is used as a template for lagging-
strand synthesis (Figure 6.1A). Thus, the rolling-circle design reconstitutes coupled leading- and lagging-
strand synthesis as one continuously growing dsDNA product. We stretch these growing DNA molecules 
and visualize a large number of them simultaneously by real-time, near-TIRF wide-field imaging, using a 
dsDNA intercalator as a fluorescent probe (Figure 6.1C; see methods, section 6.4.2). Using automated, 
unbiased tracking and change-point fitting algorithms (Figure 6.1D) (Watkins and Yang, 2005; 
Duderstadt et al., 2016; Hill et al., 2018), we quantified the instantaneous rates of replication. In the 
presence of ATP, we find a replication rate of 434 ± 131 bp/s (mean ± s.e.m.), consistent with previous 
single-molecule observations (Figure 6.1E) (Tanner et al., 2009; Lewis et al., 2017a; Monachino et al., 
2020). Surprisingly, when all rNTPs are omitted from the replication elongation phase, we still detect 
efficient DNA replication with a similar rate of 482 ± 142 bp/s (mean ± s.e.m.; Figure 6.1E).  





Figure 6.1. Single-molecule rolling-circle DNA-replication assay. (A) Schematic of the rolling-circle assay. Long 
products of leading- and lagging-strand DNA are stretched by the laminar flow of buffer. Inset: schematic 
representation of the E. coli replisome. (B) Rolling-circle DNA templates are immobilized on the surface of a 
microfluidic flow cell mounted on the objective of a TIRF microscope. (C) A typical field of view showing rolling-circle 
replication products. Scale bar = 10 µm. (D) Kymograph of an individual leading- and lagging-strand replication 
event. The position of the tip of the DNA corresponds the position of the replisome and the replication rate can be 
tracked over time using an automated tracking algorithm (blue). Individual rate segments are identified through 
change-point analysis (black). (E) Distributions of replication rates in the presence (blue, N = 58 molecules) and 
absence (gray, N = 58 molecules) of rNTPs, with Gaussian fit. 
 
In the absence of rNTPs, we observed sporadic SSB-coated gaps in the lagging-strand product (Figure 
6.S2), which we attribute to inefficient Okazaki fragment priming by DnaG (Graham et al., 2017) as it 
incorporates dNTPs (Wickner, 1977; Rowen and Kornberg, 1978a, b). Notwithstanding these changes in 
primase behavior, the key observation is that replisome elongation rates are unaffected by the absence 
of rNTPs.  
To more closely interrogate the replisomal mechanisms that allow the DnaB helicase to function without 
ATP, we simplified the reaction to observe only leading-strand synthesis (the components essential for 
lagging-strand activity were omitted; see methods, section 6.4.4) (Figure 6.2A). In this assay, replication 
is visualized through imaging of ssDNA-bound fluorescently labeled SSB (Figure 6.2B) (Spenkelink et al., 
2019; Dubiel et al., 2020). In the presence or absence of ATP, we measure instantaneous replication 
rates of 229 ± 82 and 260 ± 149 nt/s, respectively, with similar replication efficiency (Figure 6.2C, Figure 
6.S4), consistent with previous single-molecule observations with ATP present (Tanner et al., 2008).  





Figure 6.2. Leading-strand synthesis assay confirms the presence of DnaB irrespective of ATP. (A) The assay is set 
up as before, with rNTPs and DnaG primase omitted. ssDNA is visualized using fluorescently labeled SSB (purple). (B) 
Representative kymograph of leading-strand replication. Fluorescently labeled SSB stains the growing ssDNA 
product (green). (C) Replication efficiencies for leading- and lagging-strand synthesis (blue), leading-strand synthesis 
only (purple), and leading-strand synthesis in the absence of DnaB (black) ± ATP. (D) Fluorescent DnaB is added to 
monitor the presence of DnaB at the site of replication. (E) Representative kymograph showing the presence of 
DnaB (orange) at the tip of the ssDNA replication product (purple) when ATP is absent. (F) Quantification of the 
number of DNA products that have DnaB present at the fork in loading and in replication ± ATP. Data for DnaB 
loading presented in Figure 6.S7. 
 
To confirm that the observed replication products are indeed the result of helicase-mediated synthesis, 
we carried out two important controls. First, the leading-strand synthesis assay was repeated with the 
simultaneous visualization of fluorescent SSB and fluorescent DnaB helicase (Spinks et al., 2021a) (Figure 
6.2D, E). Initially, we show fluorescent DnaB is loaded only when ATP is present (Figure 6.2F, Figure 
6.S2). However, for elongating replisomes, we detect fluorescent DnaB in all replicating DNA products, 
irrespective of the presence of ATP (Figure 6.2F, Figure 6.S7). Then for our second control, we repeated 
leading-strand synthesis without DnaB and found no replication products (Fig. 2C, fig. S5). From these 
two observations we reaffirm that DnaB is a necessary part of the replisome and has a functional role.  
Next, we sought to determine which energy source, if not helicase-mediated ATP hydrolysis, allows the 
replisome to unwind DNA. SSB is known to have passive unwinding activity whereby it binds to ssDNA 
that is transiently exposed at a ssDNA-dsDNA fork due to thermal breathing of the dsDNA (Sigal et al., 
1972; Chase and Williams, 1986). The bound SSB then potentially acts as a ratchet, preventing the 
reannealing of the ssDNA. Although SSB is not necessarily required for leading-strand synthesis in the 
presence of ATP (Tanner et al., 2008), it is conceivable that SSB binding rather than helicase activity 
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enables fork progression under conditions without ATP. To test this hypothesis, we designed a 
minimalistic replication assay in which we also omit SSB (see methods, section 6.4.5). We carried out the 
assay in the absence of flow (Figure 6.3A) where the exposed ssDNA product from rolling-circle leading-
strand synthesis forms an entropic coil with high local concentration of ssDNA, which can be stained and 
visualized using the low-affinity binding of SYTOX to ssDNA. We monitor replication through an increase 
in intensity of the stained DNA product (Figure 6.3B, C; see methods, section 6.4.6). The assay was 
calibrated from the intensity of a ssDNA template of known length (Figure 6.S6). Using change-point 
analysis we find an instantaneous rate of replication of 368 ± 157 nt/s in the presence of ATP (Figure 
6.S8). This rate is comparable our prior rate measurements with SSB (Figure 6.S4) and to previously 
reported rates from single-molecule experiments in the absence of SSB (Tanner et al., 2008). Again, we 
see efficient replication at a rate of 340 ± 277 nt/s in the absence of ATP (Figure 6.S6). The similarity of 
these rates indicates that SSB is not responsible for strand separation.  
 
 
Figure 6.3. Minimal-replisome assay provides evidence that the polymerase can be the main driving force of the 
replisome. (A) Schematic of the assay. In the absence of flow, the newly synthesized DNA forms a compact coil of 
ssDNA. (B) Montage showing the increase in size and intensity of three individual DNA molecules undergoing 
replication. (C) Intensity is converted into length and plotted as a function of time for the boxed molecule in B 
(gray), and rate segments determined by change-point fitting (blue). (D) Rate of replication as a function of dNTP 
concentration in the presence (blue) and absence (orange) of ATP. Concentrations are the concentration of each of 
the four dNTPs. The solid lines represent Michaelis-Menten fits to the data. 
 
Finally, we consider the possibility that DnaB might hydrolyze dNTPs in the context of the replisome. It 
has previously been shown not to have detectable ssDNA-dependent dNTPase activity, and its Km value 
for ATP hydrolysis is ~100 µM (Arai and Kornberg, 1981). The structural basis for this specificity is a H-
bond to the 2′-OH of ATP, which would be absent with dATP (Arias-Palomo et al., 2019). We confirm, via 
an surface plasmon resonance assay (see methods, section 6.4.8) that measures the rate of dissociation 
of DnaB from a ssDNA template with a blocked 3′ end as a proxy for its affinity for NTPs (Figure 6.S1), 
that its preference for dATP is ~1000 fold lower than for ATP, implying a Km for the dATPase activity of 
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DnaB of about 100 mM. Even in the extremely unlikely event that its Km for dNTPs were reduced 1000 
fold in the context of an active replisome, its Km value would still be on the order of 100 µM, which 
should be reflected in the dependence of the replication rate on dNTP concentration. Accordingly, we 
measured this rate dependence in the presence and absence of saturating concentrations of ATP in our 
minimal replication assay. A fit of the data (Figure 6.3D) gives Km (per dNTP) of 25 ± 9 µM in the 
presence of ATP and 21 ± 4 µM in its absence. These essentially unchanged Km values demonstrate that 
the rate limiting factor in DNA replication is utilization of dNTPs by the polymerase, not by the helicase. 
6.3 Discussion 
Taken together, our data suggest that neither hydrolysis of ATP nor any other r/dNTP by the DnaB 
helicase is absolutely required for DNA strand separation during replication. It is well established that 
the complete replisome achieves a high rate of replication (Kornberg, 1992). A previous study showed 
the replisome slowed significantly when missing the τ-subunit and linked the effect to a strong 
interaction between the τ-subunit and DnaB helicase (Kim et al., 1996). From their evidence these 
authors made a reasonable speculation that the τ-subunit stimulated the unwinding capacity of DnaB. 
This suggestion along with the well documented capacity of DnaB as an ATPase conceived the idea of a 
helicase-driven replisome.  
Based on the results of our study, we alternatively propose that dNTP incorporation by the leading-
strand polymerase is the main driving force for replisome progression. Notably, in the absence of DnaB, 
polymerase III holoenzyme coupled with SSB is also capable of unwinding dsDNA and DNA synthesis, 
albeit with much lower rates and with higher Km for dNTPs (Yuan and McHenry, 2009; Jergic et al., 
2013). This indicates the critical role that DnaB still plays during replication.  
In DNA replication of the related prokaryote, the bacteriophage T7, biochemical analysis similarly 
identified that the rate of helicase-mediated replication is dependent on the rate of incorporation by the 
polymerase (Stano et al., 2005). A cryo-EM structure of the T7 replisome complex shows the polymerase 
positioned perpendicular to the helicase at the DNA fork junction – implying a cooperative approach to 
DNA unwinding (Gao et al., 2019). Hence it seems likely that, although not inputting the energy for 
unwinding, DnaB provides the platform that dictates the architecture of the E. coli replisome to facilitate 
strand separation.  
Finally, while we show that rNTPs are not required during unimpeded replication, it is tempting to 
speculate that the helicase could use the energy from ATP hydrolysis to sustain replication through 
secondary structures or during roadblock bypass (Kaplan and O'Donnell, 2002). 
6.4  Supplementary methods 
6.4.1 Proteins 
E. coli DNA replication proteins were produced as described previously: the β2 sliding clamp (Oakley et 
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al., 2003), SSB (Mason et al., 2013), AF647- and AF488-labeled SSB-K43C (Spenkelink et al., 2019), the 
DnaB6(DnaC)6 helicase–loader complex, DnaC loader and AF647-labeled DnaB6H201C (Spinks et al., 
2021a), DnaG primase (Stamford et al., 1992), the τ3δδ′χψ clamp loader (Tanner et al., 2008), and Pol III 
αεθ core (Lewis et al., 2017a).  
6.4.2 Single-molecule rolling-circle experimental design 
Construction of the 2030-bp template used for most rolling-circle assays has been described (Monachino 
et al., 2018). Microfluidic flow cells were prepared as described (Spinks et al., 2021b). Briefly, a PDMS 
flow chamber was placed on top of a PEG-biotin-functionalized microscope coverslip. To help prevent 
non-specific interactions of proteins and DNA with the surface, the chamber was blocked with buffer 
containing 50 mM Tris-HCl pH 7.5, 50 mM KCl, and 2% Tween-20. The chamber was placed on an 
inverted microscope (Nikon Eclipse Ti-E) with a CFI Apo TIRF 100x oil-immersion TIRF objective (NA 1.49, 
Nikon) and connected to a syringe pump (Adelab Scientific) for flow of buffer. Reactions were carried 
out at 31°C, maintained by an electrically heated chamber (Okolab). Double-stranded DNA was 
visualized in real time by staining it with 150 nM SYTOX Orange (Invitrogen) excited by a 514-nm laser 
(Coherent, Sapphire 514-150 CW) at 150 µW/cm2. The red-labeled SSB was excited at 700 µW/cm2 with 
a 647 nm laser (Coherent, Obis 647-100 CW) and the blue-labeled SSB was excited at 700 µW/cm2 with a 
488-nm laser (Coherent, Sapphire 488-200 CW). The labeled DnaB was excited at 100 µW/cm2 with the 
647-nm laser. Imaging was done with an EMCCD camera (Hamamatsu). For simultaneous imaging, the 
signals were separated via dichroic mirrors and appropriate filter sets (Chroma). 
6.4.3 Leading- and lagging-strand replication assay 
Conditions for simultaneous leading- and lagging-strand DNA replication were adapted from previously 
described methods (Lewis et al., 2017a; Spenkelink et al., 2019; Spinks et al., 2021a). Briefly, 
DnaB6(DnaC)6 was pre-loaded onto the rolling-circle DNA template at 4 nM and 20 pM, respectively, by 
incubation at 37°C for 30 s in replication buffer (25 mM Tris-HCl pH 7.9, 50 mM potassium glutamate, 10 
mM Mg(OAc)2, 40 µg/ml bovine serum albumin, 0.1 mM EDTA and 5 mM dithiothreitol) + 1 mM ATP. 
This mixture was loaded into the flow cell at 70 µl/min for 60 s and then at 10 µl/min for 8 min. To 
remove any unbound DNA and ATP from solution, the flow cell was washed with 100 flow-cell volumes 
of replication buffer. The reaction buffer consisted of 60 µM each of dCTP, dGTP, dATP and dTTP and 
1.25 mM ATP, 250 µM each of CTP, GTP and UTP (when indicated) in replication buffer. Pol III* was 
assembled in situ by incubating τ3δδ′χψ (410 nM) and Pol III cores (1.2 µM) in reaction buffer at 37°C for 
90 s. Replication was initiated by flowing in the reaction buffer containing 3 nM Pol III*, 30 nM β2, 75 nM 
DnaG, and 20 nM SSB4 at 10 µl/min. 
6.4.4 Leading-strand replication assay 
DnaB6(DnaC)6 is pre-loaded on the rolling-circle DNA template before immobilization of the helicase–
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DNA complex on the surface of the microfluidic flow cell, as described above. To remove any unbound 
template and ATP from solution, the flow cell was washed with 100 flow-cell volumes of replication 
buffer. The reaction buffer contains 60 µM each of dCTP, dGTP, dATP and dTTP and 1 mM ATP as 
indicated. Pol III* was assembled in situ by incubating τ3δδ′χψ (410 nM) and Pol III cores (1.2 µM) in 
imaging buffer at 37°C for 90 s. Replication was initiated by flowing in the reaction buffer containing 3 
nM Pol III*, 30 nM β2, and 20 nM labeled SSB4 at 10 µl/min. 
 
6.4.5 Minimal replication assay 
DnaB6(DnaC)6 is pre-loaded on the rolling-circle template before immobilization of the helicase–DNA 
complex on the surface of the microfluidic flow cell, as described above. To remove any unbound 
template and ATP from solution, the flow cell was washed with 100 flow-cell volumes of replication 
buffer. The reaction buffer contains 60 µM each of dCTP, dGTP, dATP and dTTP and 1 mM ATP as 
indicated. Pol III* was assembled in situ by incubating τ3δδ′χψ (410 nM) and Pol III cores (1.2 µM) in 
imaging buffer at 37°C for 90 s. Replication was initiated by flowing in the reaction buffer containing 3 
nM Pol III* and 30 nM β2 at 10 µl/min. 
6.4.6 Calibration of SYTOX intensity as a function of ssDNA length 
To quantify the rates of replication in the minimal assay, the intensity of SYTOX stained ssDNA was 
calibrated using ssM13 (Figure 6.S6). A 66-mer 5'-biotin-T36AATTCGTAATCATGGT CATAGCTGTTTCCT-3' 
(Integrated DNA Technologies) was annealed to M13mp18 ssDNA (Guild Biosciences). The ssDNA 
template was loaded on the flow cell in reaction buffer and imaged using imaging conditions identical to 
those used during the minimal replication assay. Using the average intensity measured in this assay and 
the known length of M13mp18 (7429 nt) an intensity–nt conversion factor can be obtained. 
6.4.7 Quantification and statistical analysis of single-molecule 
experiments 
All analysis was done with ImageJ and Matlab using in-house built plugins. The position of the tip of 
growing rolling-circle products was tracked as a function of time using an automated tracking algorithm. 
Individual rate segments were identified using an unbiased change-point algorithm (Watkins and Yang, 
2005; Duderstadt et al., 2016; Hill et al., 2018). In the minimal replication assay, single-molecule 
trajectories were obtained by tracking the intensity of the SYTOX stained ssDNA product over time. The 
intensity was converted to bp using the ssM13 calibration. 
All single-molecule experiments were carried out in triplicate. The number of molecules or events 
analyzed is indicated in the text or figure legends. Errors reported in this study represent the standard 
error of the mean (SEM) or the error of the fit, as indicated in the text or figure legends. 
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6.4.8 Nucleotide-dependent DnaB dissociation assay using surface 
plasmon resonance (SPR) 
SPR experiments used a BIAcore T200 (Cytiva) instrument at 25°C. First, a streptavidin-coated (SA) 
sensor chip (Cytiva) was activated with three sequential injections of 1 M NaCl, 50 mM NaOH (40 s each 
at 5 µl/min). Then, 50-mer ssDNA oligonucleotides were immobilized separately on two flow cells to 70 
and 67 RU (response units), respectively, in SPR buffer (20 mM Tris pH 7.6, 150 mM NaCl, 100 µM EDTA 
and 0.005% v/v surfactant P20) supplemented with 0.5 mM ATP for subsequent stabilization of the 
DnaB helicase on the ssDNA.  
Two biotinylated (bio) oligonucleotide sequences, exposing either a free 5' or 3' end were used: 5'-(T)25 
GCA GGC TCG TTA CGT AGC TGT ACC G-bio-3' (5' EF-DNA) and 5'-bio-GCA GGC TCG TTA CGT AGC TGT 
ACC G(T)25-3' (3' EF-DNA).  
In a standard experiment, DnaB was immobilized on the two separate ssDNA templates (5' EF-DNA and 
3' EF-DNA) by injecting 250 nM DnaB6(DnaC)6 in SPR buffer supplemented with 1 mM ATP and an 
additional 10 mM EDTA to sequester excess Mg2+ present in the protein stock (note the absence of Mg2+ 
in the buffer) at a flow rate of 3 µl/min for 350 s. Subsequently, a ∼3,000 s wash step at a flow rate of 20 
µl/min in SPR buffer + 0.5 mM ATP (running buffer) was applied to allow dissociation of DnaC from 
DnaB. From here, nucleotide-dependent DnaB dissociation experiments could be carried out for the 
exposed 5'- and 3'- end ssDNA templates with a variety of nucleotides.  
For each condition, SPR buffer + 5 mM MgCl2 was injected with a particular r/dNTP or ADP at 1 mM 
concentration, at a flow rate of 20 µl/min for 1000 s simultaneously over both flow cells. For the ATP-
titration experiments, DnaB dissociation from the 5' EF-DNA template was monitored in SPR buffer + 5 
mM MgCl2 supplemented with 1, 5, 20, 100 or 1000 µM ATP. Between each round of experiments, the 
surface was first regenerated by two 40 s injections of 3 M MgCl2 at 10 µl/min, and DnaB was re-
immobilized onto the surface as described above. During DnaC rebinding experiments, 1 µM DnaC in 
SPR buffer supplemented with 1 mM ATP and 5 mM EDTA was injected at 20 µl/min for 200 s (Figure 
6.S1). 
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6.5 Supplementary figures 
 
 
Figure 6.S1. Comparison of nucleotide-dependent DnaB activities on short ssDNA templates using surface 
plasmon resonance (SPR). (A) SPR experimental design – stable immobilization of DnaB helicase on ssDNA and its 
nucleotide-dependent dissociation. We adapted methods from a shared unpublished protocol to obtain stable 
association of hexameric DnaB on immobilized 50-mer ssDNA oligonucleotides with either an exposed 5' or 3' end 
(step 0); a representative SPR sensorgram is shown on the left, and pictorial representations of steps on the right. 
Stable association of DnaB6(DnaC)6 on ssDNA is achieved by omitting Mg2+ from the SPR buffer, thus permitting 
DnaB to bind ATP but not to hydrolyze it (step 1). Association is followed by a ∼3000 s wash step in the same buffer 
(step 2), in which DnaC is able to almost fully dissociate (step 3). We found immobilized DnaB to be very stably-
bound in absence of Mg2+ and that DnaC could be re-associated (step 4), and then dissociated again (steps 5 and 6) 
in repeated cycles. Based on the difference in response units (RU) between DnaC cycles (step 4), we calculate that 
∼90% of immobilized DnaB hexamers were retained over this period. Finally, with 1000 s of buffer injection with 5 
mM Mg2+ but no ATP, we detected the relatively prompt dissociation of DnaB from ssDNA (steps 7 and 8). Herein 
lies the basis of this assay: the retention of DnaB can be compared on either exposed 5'- or 3'-end ssDNA in the 
presence of different nucleotides to determine the effects of these nucleotides on ssDNA binding and/or 
translocation. Note that translocation on the exposed 5'-end DNA would leave DnaB blocked at the chip surface, 
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while its translocation on the exposed 3'-end DNA would result in the prompt dissociation of the helicase.  For 
direct comparison, all signals were normalized to 1000 RU prior to induced DnaB dissociation. Injection spikes were 
also removed from the SPR sensorgrams. 
(B) rNTPs more efficiently retain DnaB on exposed 5'-end ssDNA over dNTPs. Real-time dissociation of DnaB from 5'-
end ssDNA in the presence of 1 mM r/dNTP (as indicated) in SPR buffer with 5 mM Mg2+. The measurements (a) 
confirm the strong preference of rNTP over dNTP to stabilize the DnaB onto ssDNA, either due to the static 
stabilization of the interaction with DNA or its active translocation in the 5'−3' direction whereby the DnaB is likely 
to remain topologically trapped on DNA, and (b) demonstrate that of the four rNTPs, DnaB displays clear preference 
for purine rNTPs (ATP over GTP) over pyrimidines (CTP over UTP) for DNA binding and/or translocation. These 
trends mirror its preferences among rNTPs in its ssDNA-dependent rNTPase activities (Arai and Kornberg, 1981). 
(C) Neither rNTPs nor dNTPs efficiently retain DnaB on exposed 3'-end ssDNA. Real-time dissociation of DnaB from 
the 3'-end ssDNA in the presence of 1 mM r/dNTP (as indicated) in SPR buffer with 5 mM Mg2+. The results show 
fast dissociation of DnaB from the 3'-end ssDNA with all nucleotides. With dNTPs, DnaB likely has less affinity for 
ssDNA permitting the quick release of DNA and dissociation via diffusion. For rNTPs, the much faster dissociation of 
DnaB from the 3'-end ssDNA compared to 5'-end ssDNA (compare panels B and C) underscores the role of rNTP 
hydrolysis in active DnaB translocation. 
(D) Observation of ATP-hydrolysis driven translocation of DnaB on ssDNA. Real-time dissociation of DnaB from 
exposed 3'- and 5'-end ssDNA templates were compared in the presence of either 1 mM ATP or ADP and 5 mM 
Mg2+. At 1 mM ADP, DnaB is somewhat retained on both DNA templates (overlapping black/green and black/red 
sensorgrams, respectively) because ADP can only promote static binding of DnaB to ssDNA. In contrast, ATP affects 
the stability of DnaB on two different DNA templates antagonistically. On both templates, DnaB will use ATP 
hydrolysis to stimulate translocation in the 5'–3' direction. On the 5'-end ssDNA, translocation topologically traps 
DnaB at the surface, but on the 3'-end ssDNA, translocation accelerates the dissociation of DnaB from the template. 
(E) DnaB utilizes rATP at least 1000-fold more efficiently than dATP. Real-time dissociation of DnaB from exposed 5'-
end ssDNA was compared in SPR buffer with 5 mM Mg2+ as ATP was titrated in a the 1–1000 µM range (including 
zero or 1 mM dATP). Previous studies have found DnaB-ssDNA has a Km value of 106 µM for ATP (Arai and Kornberg, 
1981). A somewhat lower Km for ATP could be inferred from our titration profile (presumably due to the population 
of DnaB stabilized on ssDNA but not hydrolyzing ATP). Nevertheless, our results indicate >1000-fold higher 
propensity of DnaB helicase to utilize ATP over dATP (i.e., DnaB still dissociates more slowly in 1 µM ATP than in 1 
mM dATP), implying a >1000-fold lower Km value for ATP over dATP in the process. 
 
  





Figure 6.S2. Representative field of view showing the lack of replication products after omitting ATP from the 
DnaB loading phase. Image was recorded 2 min after replication initiation, where if helicase loading was successful, 
we would expect to see long, replicating DNA products (Figure 6.1C and Figure 6.S3) instead of these un-replicated 
DNA templates.  
  





Figure 6.S3. Representative field of view of simultaneous leading- and lagging-strand replication in the absence of 
ATP (and all other rNTPs). Arrows indicate sporadic ssDNA gaps in the replication products as a result of inefficient 






Figure 6.S4. Rate histograms of leading-strand replication in the presence (purple) and absence (gray) of ATP. 





Figure 6.S5. Representative field of view demonstrating the lack of replication when DnaB is omitted during the 
replication phase. The image was taken 2 min after replication initiation. No replication products were observed (in 
contrast to Figure 6.1C and Figure 6.S3). Strand-displacement synthesis is possible by the Pol III holoenzyme and SSB 





Figure 6.S6. Calibration of ssDNA staining by SYTOX orange. (A) Typical field of view showing ssM13 stained with 
SYTOX. (B) Histogram of the intensity of SYTOX stained ssM13. The black line represents a Gaussian fit to the data. 










Figure 6.S7. Effect of ATP on DnaB helicase loading. (A) Typical field of view of fluorescent DnaB6(DnaC)6 (orange) 
loading on the rolling-circle DNA template (blue) in the presence of ATP. Successfully loaded events appear as 
white. The Table shows the total number of molecules analyzed, colocalization (%) and colocalization by chance (%). 
(B) Typical field of view of fluorescent DnaB6(DnaC)6 (orange) loading in the absence of ATP. Successfully loaded 
events appear as white. The Table depicts the total number of molecules analyzed, colocalization (%) and 




Figure 6.S8. Scatter plots showing replication rates as a function of dNTP concentration in the minimal assay. 
Colors indicate the presence (blue) or absence (orange) of 1 mM ATP. Points represent the mean rate obtained from 














The process of DNA replication has been intensively studied over the last 60 years. Researchers have 
been interested in the process ever since the discovery of the double-helix structure suggested a means 
for copying the genetic material (Watson and Crick, 1953). In the model bacterial species E. coli, 
replication requires the coordination of 13 distinct replisomal protein factors to efficiently copy the cell’s 
4.6-Mb chromosome. 
As established earlier in this thesis, the E. coli replisome has traditionally been depicted as highly stable, 
retaining its key enzymes responsible for unwinding and synthesis throughout (Kornberg and Baker, 
1992). This stable replisome model has since been refuted by a series of single-molecule studies 
demonstrating that many of the replisome components are rapidly exchanged during replication 
(Beattie et al., 2017; Lewis et al., 2017a; Spenkelink et al., 2019). This dynamic replisome model, 
however, still does not answer how DNA replication can achieve the processivity needed to copy the full 
genome. Using the single-molecule methods developed throughout my PhD project, I was able to 
determine that unlike the other replisome components, the DnaB helicase rarely exchanges, if at all. 
Instead, the helicase could remain associated at the fork for the entirety of replication, acting as the 
factor that anchors the replisome onto the DNA. 
This thesis also seeks to re-assess the role of the DnaB helicase within the replisome. As discussed 
earlier in this thesis, it is unclear how the DnaB helicase can efficiently progress the replication fork as 
part of the replisome, while it is a relatively poor motor in isolation (see sections 2.3.1 and 2.4.3.2). By 
applying our single-molecule replication methods, I was able to test the need for nucleoside 
triphosphate hydrolysis in unwinding by DnaB while part of an active replisome. These experiments 
showed that DnaB is essential for replication, but nucleotide hydrolysis is not necessary. Further 
experimentation revealed that, instead of the DnaB helicase, the polymerase III core is the major energy 
contributor that drives efficient unwinding during replication. 
In summary, the work described in this thesis resulted in two main outcomes: It redefined our 
understanding of the DnaB helicase, and in turn the functional principles governing the E. coli replisome. 
And second, it expanded the single-molecule tools available for probing deeper into the dynamics of 
supramolecular complexes such as the replisome. 
7.1 The case for studying single molecules 
As highlighted throughout this thesis, single-molecule techniques are unique in their ability to access the 
dynamics of a molecular reaction. These techniques are a formidable research tool with the ability to 
observe individual molecules at work and thus detect inter- and intra-molecular variation, transient 
intermediate states and rare sub-populations that would otherwise be obscured by ensemble-averaging 
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methods (reviewed in Monachino et al. (2017)). 
Single-molecule techniques have grown in popularity over the last 20 years and have already had a 
significant impact on the field of DNA-replication biology, with their use uncovering new mechanistic 
detail of replisome function across many species (reviewed in Stratmann and van Oijen (2014); Mueller 
et al. (2019)). In the work described in this thesis, I developed specialised methods to examine the DnaB 
helicase dynamics at the single-molecule level. Specifically, I played a role in the development of a 
rolling-circle DNA template suitable for reproducing highly efficient DNA replication. Additionally, I 
developed novel single-molecule methods capable of detecting protein-exchange dynamics during DNA 
replication. Of these methods, existing FRAP and two-colour exchange assays were improved and 
optimised, and an entirely novel, chase-exchange assay was designed and implemented. Collectively, 
these three assays offer different and complementary ways to methodically probe exchange kinetics. 
The concept of protein exchange in macromolecular machines that previously were thought to be 
compositionally stable is relatively new to molecular biology. Exchange offers new regulatory 
possibilities within the crowded cellular environment and is likely more prevalent in biology than 
currently appreciated (reviewed in Erbas and Marko (2019)). Protein exchange can also result in rather 
complicated kinetics in comparison to classical association and dissociation interactions (Aberg et al., 
2016). The single-molecule methods developed during this project have demonstrated their 
effectiveness to dissect and analyse exchange kinetics within DNA replication. These methods will likely 
be very useful going forward as they can be applied to detect exchange in any supramolecular biological 
process (two studies not related to DNA replication include (Hadizadeh et al., 2016; Kamar et al., 2017)). 
7.2 The basis of replisome stability 
A major part of this thesis involved assessing the stability of the DnaB replicative helicase within the E. 
coli replisome. DnaB stability was tested by measuring exchange of replisome-bound DnaB with DnaB in 
solution during DNA replication. The results of three different single-molecule exchange assays indicated 
that the actively unwinding DnaB helicase is incapable of exchange on the timescales of the E. coli 
replication reaction (several minutes, corresponding to >100 kb of replicated DNA). These results 
advocate that, unlike the other replisome components such as the DNA polymerase, DnaB possesses a 
very high degree of stability within the replisome. This outcome suggests that the DnaB helicase acts as 
the main determinant of processivity – a theory that has previously only been inferred from 
observations of long DnaB residence times on DNA and from the lifetime of collapsed replication forks 
(Maisnier-Patin et al., 2001; Labib and Hodgson, 2007; Pomerantz and O'Donnell, 2010; Mettrick and 
Grainge, 2016; Beattie et al., 2017). Furthermore, the stability of the DnaB helicase as well as its known 
interactions with other replisome components, implicates the helicase as a stable binding platform 
within the replisome. Interacting with this stable platform, other replisome components can associate 
with the replisome, support important activities such as primer synthesis, primer handoff and DNA 
synthesis, and dissociate without compromising replisome integrity (Lewis et al., 2016). 
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Additionally, these single-molecule exchange experiments identified the presence of additional DnaB 
molecules that were only transiently associated with the replisome and showed behaviour distinct from 
the actively unwinding helicase. Further experimentation determined that this DnaB association was 
dependent on the number of available τ subunits as part of the clamp-loader complex.  
This interaction is not unexpected given the known interaction of DnaB with the τ subunit (Gao and 
McHenry, 2001b) and the availability of accessible τ subunits at the fork (Monachino et al., 2020). 
However, it is unclear if there is a functional purpose to these extra helicases. It is possible that the 
interaction is simply a redundant mechanism where other helicases can travel with the replisome 
facilitated by interactions with those τ subunits that are not engaged in functionally relevant 
interactions. Alternatively, additional helicases bound to the replisome through available τ subunits 
create a local concentration of DnaB molecules that is orders of magnitude higher than the solution 
concentration. These local accumulations could potentially assist replication-restart mechanisms in 
finding a new DnaB to re-load after fork collapse at DNA lesions (Windgassen et al., 2018). 
It is also possible that additional, τ-associated helicases could assist in replication initiation, a process 
that is not entirely understood. The architecture of the melted DNA bubble at the oriC replication 
initiation site is asymmetrical, which implies helicase recruitment and loading occurs differently on 
either side of the bubble (Katayama, 2017). Oligomerization of the DnaA initiator protein starts on one 
side of the DNA unwinding element and then DnaB, via its association with DnaA, is expected to 
preferentially load on one of the two strands (Marszalek and Kaguni, 1994; Sutton et al., 1998; Fang et 
al., 1999; Seitz et al., 2000). In this scenario, after the first DnaB is loaded and a replisome assembles 
around this helicase, a high local concentration of DnaB molecules associated with the available τ 
subunits could aid in loading the second DnaB helicase on the opposite side. The challenge of loading a 
pair of DnaB helicases during replication initiation is not often addressed in the literature. A temporal 
separation between loading of the two helicases and a concomitant asynchronous start of bi-directional 
replication might be contributing to disruption of the cell-division cycle. 
Summarising, DnaB exhibits a distinct lack of dynamic protein exchange to a point where it can be 
hypothesised that its stability is a critical factor influencing replication processivity. Future studies 
should investigate how DnaB and the replisome react to challenges placed in its path to understand if 
the continuation of replication is truly dependent on the DnaB helicase. It would be interesting to see if 
the additional helicases observed in this study to transiently associate with the replisome play a 
functional role under such conditions. 
7.3 Changing role for replicative helicases 
The work described in this thesis also sought to experimentally re-assess the functional role of 
replicative helicases within the replisome. It is well-reported that the unwinding rate of replicative 
helicases in isolation are substantially lower than the replication rates of their respective replisomes 
(see section 2.3.1, Table 2.1). There is no clear explanation why such a key component of the replisome 
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presents as such a poor motor but is much more efficient within the replisome. Through the application 
of single-molecule replication experiments, we show that no rNTP is required for efficient E. coli DNA 
replication. We demonstrate that the energy for replication fork progression is provided by the leading-
strand polymerase III and not the DnaB helicase. This result alters our view of the replisome significantly 
and has implications for our understanding of the physical driving forces that govern replication.  
At first glance, a polymerase-driven replisome seems inconsistent with the notion that the replicative 
helicase is capable of autonomous DNA unwinding. Yet we know that the E. coli polymerase III can 
advance a replication fork on its own in a process described as helicase-independent, strand-
displacement synthesis. However, these synthesis rates are much slower than replication when the 
DnaB helicase is present (Yuan and McHenry, 2009; Jergic et al., 2013). Combining this with our 
observation of replisomal unwinding activity independent of rNTPs, suggests that the polymerase drives 
replication fork progression, and the helicase sits at the DNA junction as a passive wedge to promote 
unwinding. This synergistic contribution to unwinding by the helicase and polymerase thus facilitates 
fast and efficient DNA replication. 
A similar synergistic coupling of helicase and polymerase has been hypothesised for the bacteriophage 
T4 and T7 replisomes. We know from a recent cryo-EM structure of the T7 replisome, that the 
polymerase is positioned where it could conceivably aid in DNA unwinding (Gao et al., 2019). As further 
evidence to this theory, the T7 replication rate exhibits a dependence on dNTP concentration similar to 
our observations in E. coli (Stano et al., 2005). But what is more interesting, is other observations not yet 
attempted in E. coli. Several studies have demonstrated that a chimeric replisome, consisting of either 
the T4 helicase and T7 polymerase (Manosas et al., 2012a), or vice versa (Stano et al., 2005), can support 
fast and efficient replication equal to the homogenous replisomes. As the helicase and polymerase from 
opposite species have no physical interaction, this result suggests that the synergistic coupling effect is 
purely physical and not biochemical in nature. Therefore, such coupling is entirely possible in other 
replisomes such as E. coli, where the helicase and polymerase have not yet been demonstrated to have 
a direct, stable contact. 
It is also interesting to consider the conformation of the DnaB helicase during replication in the absence 
of ATP. Several structures depict DnaB bound to ssDNA in a spiral conformation (Itsathitphaisarn et al., 
2012; Arias-Palomo et al., 2019), in which it is expected to translocate via an ATP-dependent, hand-over-
hand mechanism (see sections 2.2.2 and 2.3.4.1). DnaB has a strong affinity for ssDNA when bound by 
ATP (Arai and Kornberg, 1981; LeBowitz and McMacken, 1986; Biswas and Biswas, 1999b), and in this 
mechanism, ATP hydrolysis is expected to prompt one subunit to release DNA, where it is then able to 
diffuse forward, acquire another ATP molecule and rebind the DNA further downstream. This hand-
over-hand cycle repeats throughout the hexamer resulting in the translocation process. How do we 
explain our observation that the DnaB helicase translocates as part of the replisome in the absence of 
ATP? We know that without ATP, DnaB has lower affinity for ssDNA, where it might revert to its flat ring 
conformation shown in structures without DNA (Bailey et al., 2007; Wang et al., 2008). It is tempting to 
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speculate that in the absence of ATP, the DnaB helicase would still be topologically constrained to 
ssDNA in a flat ring-shaped structure, but able to freely move by diffusion and thus make a passive 
contribution to replication-fork unwinding. However, given the general abundance of ATP in the cell, it is 
unclear how often the DnaB helicase exists in this flat-ring, diffusive state. This question adds further 
mystery to the mechanism of DnaB helicase translocation, which warrants significant further 
experimental investigation. 
Overall, our single-molecule experiments show that DnaB is not the sole contributor to unwinding as 
part of the replisome. Although ATP-driven DnaB translocation is not necessary for replication fork 
progression, it is tempting to speculate that it would assist the replisome in overcoming challenges that 
would otherwise cause it to stall. These challenges could be other protein complexes, like the RNA 
polymerase, that are bound to DNA in the path of the replisome, or damaged DNA bases that could 
potentially inhibit replication progress. These situations also warrant experimental investigation with 
these same single-molecule methods. 
7.4 Perspectives on helicases in DNA replication 
As demonstrated in this thesis, replicative helicases are much more complex than simple unwinding 
motors as part of the DNA replication process. Specifically, the experiments described in this thesis 
demonstrate two new behaviours of the DnaB helicase of the E. coli replisome: First, DnaB exchanges 
very infrequently during replication and therefore acts as a stable binding platform, potentially even as a 
processivity factor. Second, the DnaB helicase does not depend on rNTP hydrolysis to contribute to 
replisomal DNA unwinding, therefore implicating the polymerase III as the main motor providing the 
driving force of the replisome.  
Integrating these findings into our broader understanding of DNA replication emphasises how important 
the replicative helicase is to the replisome. The critical role of replicative helicases is also highlighted by 
carefully controlled mechanisms underlying helicase loading at initiation and re-loading at restarted 
replisomes (Perera et al., 2019). If replicative helicases could easily insert into genomic DNA, multiple 
rounds of replication could occur per cell cycle with detrimental consequence (Charbon et al., 2018). 
Having gained a better understanding of the roles of the DnaB helicase in replication, we should revisit a 
goal stated at the beginning of this thesis: to find vulnerabilities within the replisome as potential 
targets for novel antibiotics. Of all the bacterial replisome components, the β sliding clamp shows the 
most promise as an antibiotic target. The β clamp is highly conserved, acting as a protein-protein 
interaction hub with a binding pocket that is shared among many binding partners. Yet, it is distinct from 
the eukaryotic PCNA sliding clamp (Robinson et al., 2012). Additionally, inhibition of the β clamp also 
interferes with the mutagenic translesion synthesis pathways and thus slows the generation of 
resistance. So far, several studies have identified antibiotic compounds that bind the β binding pocket 
and demonstrate antibacterial properties across several species (Yin et al., 2014; Yin et al., 2015; 
McGrath et al., 2018). These early reports are promising, but further study is needed. 
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Given the necessity of the DnaB helicase and its plurality of binding partners, it makes sense to also 
consider it as an antibiotic target. This idea is supported by the fact that DnaB is significantly different 
from the eukaryotic replicative helicase, CMG. DnaB is a superfamily IV helicase defined by its RecA-type 
motor domain, whereas CMG is a superfamily VI helicase defined by its AAA+ type motor domain 
(O'Donnell and Li, 2018). So, it should be possible to identify small molecules that bind DnaB with high 
specificity.  
Unfortunately, there are also problems with DnaB as an antibiotic target. The RecA motif is relatively 
common throughout all domains of life (Ye et al., 2004), so the antibiotic would need to bind to another 
highly conserved part of the DnaB helicase. The challenge lies in the fact that bacterial replicative 
helicases have significant sequence variation across species, especially between Gram-negative and 
Gram-positive bacteria (Leipe et al., 2000; Robinson et al., 2012). 
Nevertheless, it may be possible to circumvent these issues and still interfere with helicase activity by 
targeting the players involved in replication initiation.  In E. coli, DnaC is the dedicated helicase loader, 
however this protein appears sporadically across bacteria (Iyer et al., 2004), in which it is sometimes 
replaced by the distant Gram-positive homolog, DnaI, or its function is transferred to the DnaA initiator 
(Soultanas, 2012). DnaA on the other hand, is the universal initiator protein with strong conservation 
within bacteria (Robinson et al., 2012). Therefore, DnaA would be a logical choice as an antibiotic target 
with several highly conserved and unique motifs within its structure (Kaguni, 2018). However, it is 
concerning to think that if the helicase-loading pathways were inhibited, the replication restart 
machinery could possibly take over after only a small number of adaptive mutations. 
Although not a first-choice antibiotic target within the replisome, our new knowledge of DnaB function 
has other benefits. Understanding the replicative helicase in relatively simple bacterial model systems 
serves as the basis for investigating replicative helicases in higher-order eukaryotes. There is substantial 
difference in replisome architecture between bacteria and eukaryotes, although the DnaB helicase and 
the eukaryotic equivalent, CMG, do hold key functional similarities. Of notable relevance is the 
demonstration that CMG acts similarly to DnaB in its stability within the replisome (Kapadia et al., 2020; 
Lewis et al., 2020). However, it is unclear if the eukaryotic replisome is as reliant on CMG for integrity 
given its high number of binding partners and accessory proteins. Also, CMG displays similar differences 
in unwinding rates between the complex acting autonomously and as part of the replisome (Burnham et 
al., 2019; Lewis et al., 2020). A notable difference between the bacterial and eukaryotic systems is that 
in the eukaryotic replisome, the leading-strand polymerase and CMG travel on the same strand and 
therefore are unlikely to make a synergistic contribution to unwinding. These aspects justify further 
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